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induced,  as  it  is  detected  predominantly  around  the  brightest  H u regions  located  within 


disk  scale  length , 


Kinomatical  study  of  21-cm  and  Ho  velocity  Helds  show  that  the  gases  are  circularly 
rotating.  However,  near  the  bar  and  spiral  arms  of  the  galaxy,  strong  streaming  motions 
as  large  as  50  km  s*1  have  been  detected.  Evidence  also  exists  for  out-of-plane  motions 
near  the  brightest  H II  regions  Such  types  of  gas  flow  help  to  explain  the  curious  double 
peak  feature  of  the  H I rotation  curve. 


Numerical  simulations  of  stellar  orbits  and  gas  How  within  the  disk  of  the  galaxy 
have  yielded  the  fascinating  and  rare  result  that  the  system  has  two  pattern  speeds.  To 


a pattern  speed  of  39.17  km  s'1  kpc-1  is  required.  To  match  the  pitch  angles  of  the 
spiral  arms  with  the  SPH  simulations,  slower  pattern  speeds  (between  10.00  and 
15.52  kms"1  kpc*1)  were  used.  The  observed  density  distribution  and  kinematics! 
results  are  also  best  reproduced  by  the  lower-pattern-speed  models. 


CHAPTER  1 
INTRODUCTION 

Bars  are  common  in  spiral  galaxies.  About  one-third  of  the  nearby,  bright  spirals 
unquestionably  are  barred,  Another  one-third  show  signs  of  having  a bar  structure 
within  the  system.  In  the  last  10  years,  observations  in  the  near-infrared  have  shown 
that  the  old  stellar  population  of  almost  all  spiral  galaxies  forms  a bar  or  an  oval 
distortion  close  to  the  galactic  center.  In  fact,  our  own  Milky  Way  galaxy  is  also  believed 
to  barred  as  well  (Skrutskie  et  al.  2001).  Althongh  the  bar  phenomenon  is  not  easy 
to  understand,  bar  formation  is  ubiquitous  and  important  iu  many  areas  of  galactic 
structure  and  evolution.  The  galaxy  group  at  the  University  of  Florida  has  made 
substantial  contributions  iu  the  study  of  barred  galaxies  (Hunter  & Gottesman  1990). 

The  purpose  of  this  thesis  research  was  to  study  the  dynamics  and  distribution  of  matter 
in  the  galaxy  NGC  3359. 

This  is  an  obsorvationally  driven  project  for  which  the  data  were  used  to  constrain 
the  parameters  of  numerical  stellar  and  gas  models.  Although  statistical  studies  of  the 
properties  of  barred  spiral  galaxies  have  produced  interesting  and  important  correlations 
among  the  various  physical  parameters,  high-resolution  investigations  of  individual 
galaxies  will  reveal  the  evolutionary  processes  that  shape  these  systems.  This  approach  is 
particularlv  effective  when  data  from  various  frequency  domains  are  combined  to  cover  a 
large  fraction  of  the  electromagnetic  spectrum.  Such  multi-wavelength  observations  were 
compiled  for  NGC  3359  and  were  interpreted  using  analytical  calculations  and  numerical 
simulations.  The  galaxy  was  chosen  primarily  because  of  its  size  and  brightness:  its 
structures  are  well  resolved  and  the  features  have  high  signal-to-noise  ratios.  In  addition 
the  system  is  isolated  from  other  galaxies  of  comparable  size.  My  main  interest  was  in 
the  internal  dynamics  of  the  system. 

A brief  review  of  recent  findings  of  barred  galaxies  pertinent  to  the  study  is  given 
here.  Both  observational  and  theoretical  considerations  of  the  subject  are  discussed. 


[eofNGC  3359. 


Figure  i 1 The  B-band  Digital  Sky  Survey  imagt 
to  the  left  in  the  image. 


North  is  up  and  cast  is 


First,  i discuss  the  prevalence  of  bars  and  some  of  their  properties.  Second,  the 
observable  phenomena  attributable  to  the  bar  are  addressed.  Third,  I give  a short 
theoretical  discussion  of  stellar  and  gas  dynamics  and  associated  numerical  modeling 
techniques. 

1.1  Observational  Aspects  of  Barred  Galaxies 
A barred  spiral  galaxy  is  typically  thought  of  as  a system  with  a non-axisymmetric 
feature  (i-e.,  the  bar)  in  the  axisyrnmetric  coiupoucnt  (i.e,,  the  exponential  disk)  that 
could  be  surrounded  by  a halo.  The  bar  is  a bisymmctric  and  elongated  feature  in  the 
central  disk  (Figure  1-1).  It  is  formed  mainly  by  stars  that  have  periodic  and  elliptical 
orbits.  At  the  most  basic  level,  a bar  is  created  by  stellar  and  gaseous  responses  to  the 

galaxy  (Chapter  4).  The  sire  of  the  bar  is  determined  by  the  disk  scale  length  and/or 
the  form  of  the  rotation  curve  (Combes  & Elmegreen  1993;  Larne  1996;  Sellwood  1981). 
The  general  features  seen  in  most  bars  are  the  elongated  light  distribution  from  which  the 
spiral  anus  extend;  dust  lanes  that  show  up  in  optical  broadband  images  and/or  color 
difference  maps;  and  ofttimes  isophotal  twists  (i-e.,  the  major  axes  of  the  jsophotes  of 


' prevalent  than  initially 


the  bar  rotate).  The  existence  of  bars  has  been  found  to  be  more 
thought. 

A recent  study  of  the  distribution  of  the  morphological  classification  in  the  Third 
reference  catalogue  of  bright  galaxies  (de  Vaucoulcurs  et  al.  1991,  hereafter  RC3)  by 
Knapen  et  al.  (2000)  found  that  90  to  60%  of  the  disk  galaxies  listed  in  the  catalogue  are 
barred.  This  number  is  increased  with  the  addition  of  near-infrared  (NIR)  observations. 
By  peering  deeper  into  longer  wavelengths  at  which  stars  radiate,  the  effect  of  dust 
obscuration  is  greatly  reduced  (by  about  one  order  of  magnitude,  when  compared  to 
the  visual  band)  (Cohen  et  al.  1981).  In  addition,  bars  are  easier  to  detect  at  longer 
wavelengths,  as  they  consist  mainly  of  older  stars.  Hence,  NIR  observations  have  revealed 
the  existence  of  bars  that  were  missed  by  earlier  optical  observations.  There  are  also 
smaller  and  other  bar-like  structures  that  exist  in  disk  galaxies  besides  the  conventional 
bars.  More  nuclear  bars  are  now  being  observed  with  advances  in  adaptive  optics 
technology  (Ehuegreen  et  al.  1998;  Erwin  it  Sparkc,  2002).  These  bars  can  be  nested  in 
the  main  bars  or  may  exist  by  themselves.  Future  results  from  large  NIR  surveys  snch  ns 
the  recently  completed  2MASS  project  should  provide  a better  quantitative  measure  or 
the  actual  bar  fraction  of  the  disk  galaxy  population. 

Barred  galaxies  have  also  been  observed  at  cosmological  distances.  Recently,  van  don 
Bergh  el  al.  (1996)  and  ran  den  Bergli  et  al.  (2000)  suggested  that  a significant  drop 
in  bar  fraction  occurred  beyond  r = 0.5.  However,  Sheth  et  al  (2003)  found  no  clear 
evidence  for  such  a decline  beyond  = > 0.7.  Thus,  these  systems  appear  to  have  existed 

1.1.1  Bar  Properties 


isophotal  contours  of  early-type  galaxies  lend  to  twist  and  be  rectangular  (Atl  Lola 
1992a;  Ollta  et  aL  1990)  while  late-type  bars  have  elliptical  isophotes  that  tend  not  to 
twist  (Elmcgrecn  et  al.  1996a).  Based  on  the  shape  of  their  surface  brightness  profiles, 
bars  can  be  separated  into  two  different  types  (Elmegreon  1996c;  Eltnegreen  k Elmegreen 
1985).  The  first  type  consists  of  bars  that  have  -flat"  profiles  along  their  major  axes. 
That  is,  their  light  distribution  declines  at  a slower  rate  than  for  the  surrounding  disk. 


For  the  second  type,  the  radial  profile  falls  off  exponentially,  like  the  disk  (i.o„  the  scale 
lengths  are  the  same  for  both  features).  Elmegrecn  (1996b)  proposed  that  flat  bars  arc 
associated  with  early-type  galaxies,  while  Inte-types  tend  to  have  exponential  bars.  Seigar 
k .lames  (1998)  found  a distinction  between  flat  and  exponential  bar  profiles  in  their 
study  of  24  galaxies  in  the  K-band.  However,  they  found  no  clear  correlation  between  bar 
profile  and  Hubble  type  in  their  small  sample.  Thus,  the  association  between  bar  type 
and  morphology  is  unclear. 

A key  property  of  the  bar  is  its  strength.  Several  methods  have  been  used  to 
quantify  bar  strength  although  two  methods  have  been  used  more  than  others.  The  first 
method,  as  introduced  by  Martin  (1995),  measures  the  property  by  equating  the  minor 
(6)  and  major  (o)  axes  of  the  bar  via  the  equation  = 10(1  - li/o);  he  found  that  bars  of 
early-type  galaxies  were  stronger  and  longer  than  those  of  later  types. 

The  second  and  more  recent  scheme  of  Buta  & Block  (2001,  hereafter  BB1)  derives 
bar  strength  Qt,  by  determining  the  ratio  of  the  tangential  force  to  the  mean  axisym- 
tuetric  radial  force,  as  inferred  from  the  gravitational  potential.  Six  bar  strength  classes 
were  established  from  their  sample  that  ranged  from  class  0 [Qt  < 0.05)  to  class  6 
(0.55  - 0.6-19).  They  determined  that  the  minimum  Qt  value  that  de  Vaucoulours  used 
to  classify  a disk  galaxy  as  barred  (i.c.  an  “SB"  galaxy  in  HC3  nomenclature)  was  at 
least  0.15  (Class  2).  Using  the  BB1  method,  Laurikainen  & Salo  (2002)  did  not  observe 
the  same  trend  that  Martin  (1995)  found  Kevertheles:  the  BB1  process  is  a good  and 
robust  method  for  measuring  bar  strengths,  as  it  does  not  depend  on  visual  determina- 
tions (and  concomitant  bias). 

Perhaps  the  most  important  property  of  the  bar  is  its  pattern  speed  f!p.  It  is 
typically  assumed  that  flp  is  rotating  at  the  same  rate  as  the  spiral  density  pattern  and 
the  estimates  arc  made  at  the  corotation  radius.1  Unfortunately,  it  is  also  the  most 
difficult  bar  property  to  ascertain  from  observations.  Currently,  three  popular  methods 


1 The  corotation  radius  is  the  position  where  the  pattern  speed  of  the  bar  is  equal  to 
the  angular  speed  of  circular  rotation. 


have  been  used  to  estimate  the  value  of  !!,  (Knapen  1999).  The  most  direct  method  is 
to  correlate  observable  features  with  a specific  resonance  (the  definition  of  dynamical 
resonances  is  given  in  Chapter  4);  and  to  extrapolate  the  bar  speed  from  the  results. 
However,  these  methods  are  limited  to  only  a few  cases;  and  are  subject  to  observational 
biases  and  constraints  (such  as  projection  effects,  asymmetries,  and  limited  resolutions). 

The  second  method,  introduced  by  Tremaine  & Weinberg  (1984),  uses  the  continuity 
equation  as  a basis  for  determining  fl,  from  long-slit  spectra  information.  This  method 
was  used  to  derive  the  pattern  speed  of  eight  barred  galaxies  (Gerssen  2002  and  refer- 
ences thereiu).  Unfortunately,  this  method  requires  the  use  of  long-slit  spectra  that  need 
extensive  observation  time.  The  method  is  not  well-suited  for  late-type  galaxies  that  arc 
rich  in  gas.  Phase  changes  in  the  gas  (caused  by  shocks,  star  formation,  etc.)  renders  the 

The  third  and  most  common  method  to  determine  the  pattern  speed  of  the  bar  is  a 
combination  of  observational  and  numerical  techniques.  Typically,  a set  of  simulations 
is  made  with  various  values.  The  models  are  then  compared  with  the  observed 
morphology,  to  obtain  the  closest  match;  and  lienee  the  best  estimate  of  the  bar  speed. 
This  approach  has  been  used  extensively  here  at  the  University  of  Florida  by  Ball  (1992), 
England  (1986;  1989),  Hunter  ct  al.  (1988),  and  Laineet  al.  (1998)  to  compare  their  gas 
models  with  the  observed  H I data  successfully. 

Yet  another  new  approach  appears  promising,  hi  the  early  1980s,  Hunter  &r  Ball 
(private  communication)  discovered  that,  when  viewed  in  the  bar  frame  of  a model 
galaxy,  gaseous  vortex  pairs  are  located  near  the  stable  Tt.'i  Lagrangian  points  (Chapter 
4).  The  gas  flow  follows  the  general  morphology  of  the  corresponding  stable  periodic 
orbits  (iu  this  case,  the  banana-like  orbits)  (Contopoulos  & Grosbol  1989).  Similar 
linebreak  vortices  were  found  in  optimal  models  of  NGC  1300  (England  1989);  NGC 
1073  (England  et  al.  1990);  NGC  3359  (Ball  1992);  and  NGC  3992  (Hunter  et  al. 

1988).  Recently,  England  el  al.  (2000)  published  an  extended  study  of  vortex  pairs 
found  in  model  disks,  by  using  a wide  range  of  bar  strengths  and  pattern  speeds  in 
their  simulations.  Their  models  ranged  from  heuristic,  non  self-consistent  to  fully 
self-consistent  models.  All  exhibited  low  pressure,  gas  vortices  at  i-r.r,;  a few  models  also 


displayed  high  picsstire  vortices  near  the  ends  of  their  bars.  This  behavior  suggests  a 
method  of  locating  corotation  in  relatively  large  barred  galaxies  having  strong  H I 21-cm 
fluxes.  If  the  well-resolved  velocity  field  of  such  a galaxy  would  be  viewed  in  a rigidly 
rotating  frame,  with  its  origin  at  the  galactic  center;  as  the  frame  angular  velocity  (fi) 
increases  a vortex  pair  will  appear.  When  (SI  = Up),  the  corotation  region  should  become 
obvious  and  the  vortex  centers  would  be  near  I- 1 (England  et  al.  2000).  An  attempt  at 
this  method  was  made  with  the  available  data  for  NGC  3351)  but  no  prominent  vortices 
were  observed  owing  to  the  lack  of  a good  estimate  of  the  tangential  component  of  the 

be  synchronous.  Sellwood  k Sparke  (1988)  argued  for  different  pattern  speeds  between 
the  bar  and  spiral  pattern.  The  models  they  produced  had  the  same  coherency  between 
the  bar  and  spiral  arms  (i.e.,  the  former  seemingly  appears  to  start  from  the  ends  of 
the  bar)  as  for  single-pattern  speed.  This  smooth  transition  can  be  explained  by  the 
non-linear  mode  coupling  between  the  two  structures.  The  term  was  introduced  by 
Taggcrt  ct  aL  (1987),  who  also  advocated  the  possible  existence  of  galaxies  with 
multi-pattern  speeds.  The  basic  concept  is  that  the  resonances  of  the  inner  (i.e.,  the 
bar)  and  tile  outer  (the  spiral  arms)  inodes  overlapping  (e.g.,  corotation  of  the  liar  coin- 
cides with  the  inner  Lindblad  resonance  or  ILR  (Chapter  5).  The  modal  approach  stems 
from  Bertin  ct  al,  (1989a,  1989b),  who  used  it  to  explain  the  morphological  types  of  disk 
galaxies  (Rautiainen  2000).  Observational  evidence  for  different  pattern  speeds  have  also 
liecn  published:  NGC  1398  by  Moore  k Gottesmau  (1995);  and  NGC  3359  by  Rozas  k. 
Sempere  (2000).  Moore  k Gottesmau  (1995)  placed  the  outer  Lindblad  resonance  of  the 
liar  at  the  ILR  of  the  spiral  pattern  of  thoir  galaxy.  Meanwhile,  Rosas  k Sempere  (2000) 
assumed  that  a nuclear  bar  exists  in  NGC  3359  and  placed  its  corotation  radius  at  the 
ILR  of  the  spiral  pattern.  Thus,  the  idea  of  two  pattern  speeds  is  not  unique  or  new  but 
is  even  more  difficult  to  find  given  that  no  definitive  method  has  been  found  to  determine 


i single  pattern  speed. 


The  existence  of  a bar  significantly  affects  the  properties  of  the  galaxy.  Their 
presence  act  as  a catalyst  to  hasten  secular  and  dynamical  evolution  in  the  disks 
(Sidesman  2002).  There  many  effects  attributable  to  the  bar.  Some  of  them  will  be 
briefly  mentioned  here  although  many  more  will  be  seen  in  the  following  chapters.  The 
first  consequence  is  that  the  bar  exerts  gravitation  torque  on  the  surrounding  gas.  Conse- 
quently, the  latter  will  lose  energy  and  angular  momentum  and  flow  inward  from  the  bar 
ends.  Shocks  can  occur  at  regions  where  the  faster  moving  inflowing  gas  meets  the  slower 
outflowing  gas.  The  observable  features  that  are  believe  to  bo  signposts  for  the  shocks 
are  the  dust  lanes  seen  in  many  bars  (e.g.,  in  NGC  1365,  Lindblad  et  al.  1996).  Not 
surprisingly,  the  density  of  interstellar  medium  in  these  regions  is  very  high.  Simulations 
made  by  Athauassoula  (1992b)  have  shown  that  straight  dust  lanes  are  made  by  strong 

Besides  inducing  inflow  of  gas,  the  bar  also  stirs  up  the  gases  outside  of  its  radius  as 
it  rotates.  As  a result,  this  process  creates  a shallower  radial  abundance  gradient  than 
non-borred  galaxies  (FViedli  et  aL  1994;  Roy  1996).  The  strength  of  this  radial  mixing 
is  proportional  to  the  bar  type:  stronger  bars  produce  Hatter  gradients  (Martin  & Roy 
1994).  Similarly,  the  bar  can  also  sweep  out  the  interbar  area  and  reduce  the  amount  of 
gas  within  that  region,  as  seen  in  NGC  3359  (Chapter  2). 

The  star  formation  process  within  the  galaxy  is  also  affected  by  the  redistribution 
of  interstellar  material.  The  distribution  of  such  regions  vary  throughout  morphological 
types.  Within  the  bar,  star  formation  can  form  along  its  major  axis,  including  the  center. 
Generally,  this  occurs  in  late-type  galaxies  as  early-types  tend  to  have  star  formation  only 
along  the  arms,  inner  and  nuclear  rings,  and  the  bar  ends  (Table  1 of  Phillips  1996).  The 
nuclear  rings  are  typically  created  by  the  gas  inflow  that  have  readied  the  central  region 
of  the  galaxy  (i.e.,  near  the  ILR).  The  gas  in  these  regions  can  also  be  transformed  into 
nuclear  disks  and/or  nested  bars  (Shlosman  2002)  or  fuel  for  active  nu  I i It  t rest  ngly, 
simulations  (Athauassoula  1992b:  Friedli  & Ben/.  1993)  have  demonstrated  that  continual 
build-up  of  gas  in  the  nucleus  can  lead  to  bar  destruction  (e.g..  1 - 2%  of  the  disk  mass 
within  100  pc,  Fkiedli  & Martinet  1994). 


Streaming  motions  are  induced  by  the  bar-  Tlte  manifestation  of  sucb  uon-circular 
perturbation  can  be  seen  in  the  velocity  fields  of  barred  galaxies  where  the  isovolocity 
contours  around  the  bar  region  are  bent  into  an  S-shapo  configuration.  This  is  due  to  the 
bar  being  strong  enough  to  force  the  particles  to  stream  along  the  bar  in  highly  elliptical 
orbits  (Sellwood  Sc  Wilkinson  1993).  The  deviations  from  circular  motions  can  be  over 
100  km  s— 1 in  the  plane  of  the  galaxy  (Regan  ct  ol.  1997).  Another  effect  created  by  the 
bar  is  to  cause  the  major  and  minor  kinemntical  axes  to  become  non-orthogonni. 

1.2  Theoretical  Considerations 


to  bar  instabilities  (Hockney  St  Hohl  1969:  Miller  k Prendergast  1968;  Sellwood  & 
Wilkinson  1993).  The  rotationnlly  supported  (cool)  disks  were  unstable  against  bar 
formation  aud  it  became  a greater  problem  to  prevent  the  structures  from  forming  rather 
than  creating  them  (Sellwood  1996).  One  possible  explanation  for  the  bnr  instability 
comes  from  Dianne  (1981)  who  suggested  that  the  bar  is  formed  by  the  amplification 
of  leading  aud  trailing  density  waves  that  are  reflected  and  reversed  (i.e.,  trailiug  waves 
become  leading  waves  and  vice  versa)  at  the  corotalion  resonance  and  the  galactic  center. 
This  mechanism, called  the  swing  amplifier,  will  create  stationary  waves  upon  successive 
reflections  of  the  density  waves  (Combes  1995).  An  immediate  consequence  of  this  theory 
is  that  bars  cannot  be  longer  than  the  corotation  radius.  At  the  same  time,  when  ILRs 
exist  and  are  large  enough  (e,g.  the  nuclear  ring  grows  through  the  accumulation  of 
inflowing  gas,  the  feedback  process  can  be  significantly  decreased  and  possibly  lead  to  bar 

An  alternative  approach  to  bar  formation2  is  the  alignment  of  elongated  orbits  near 
the  central  region  of  the  galaxy  that  contains  two  ILRs  (Lynden-Bell  1979).  Unfortu- 
nately, the  bar  created  by  this  method  is  small  and  cannot  explain  the  typical  large  scale 
bars  that  are  seeu  aud  appear  to  end  near  corotation.  Interestingly,  the  paper  published 


2 Another  method  of  bar  formation  that  is  unrelated  to  the  discussion  at  hand  is 
through  tidal  interaction  (Athannssoula  Sc  Bosnia  2003;  Girin  ct  al.  1990;  Noguchi  1987. 


by  Contopoulos  k Papayannopoulos  (1080)  a year  later  dealt  with  stellar  orbits  in  bar 
potentials  and  led  the  way  to  a more  elucidating  and  physically  meaningful  approach. 

1.2.1  Stellar  Orbits  in  Barred  Galaxies 

This  subsection  is  an  introduction  to  the  theory  of  stellar  orbits  and  how  the  bar  is 
formed  by  the  nature  of  the  orbits  in  the  plane  of  the  disk.  A fuller  description  of  stellar 
orbits  can  be  found  in  Chapter  4 and  a complete  discussion  of  the  theory  is  given  by 
Contopoulos  (2002). 

The  orbital  structures  of  stellar  orbits  in  barred  galaxies  have  been  studied  in  detail 
for  approximately  the  past  three  decades,  highlighted  by  the  works  of  Contopoulos 
(1980),  the  review  of  Contopoulos  k Grosbol  (1989),  Contopoulos  & Motzanides  (1977), 
and  Contopoulos  k Papayanuopoulos  (1980).  The  orbits  are  typically  derived  through 
numerical  integration.  Under  the  influence  of  the  bar  perturbation,  orbits  that  are 
circular  in  an  axisyminetric  potential  will  become  elongated.  The  orbits  are  stable  and 
periodic  and  make  up  the  central  family  tailed  i|.  These  orbits  are  oriented  along  the 
bar  between  the  corotation  resonance  and  either  the  ILR  or  OILR  if  one  or  two  stich 
resonances  exist.  Similarly,  there  are  also  Zj  family  of  orbits  that  are  perpendicular 
to  the  bar  when  an  ILR  exists.’  There  are  also  other  orbits  within  the  bar  that  also 
support  the  structure.  These  orbits  can  be  associated  with  higher  order  resonances, 
asymmetric,  or  multiperiodic.  Outside  corotation,  there  are  no  families  that  provide 
bar  support  as  most  are  aligned  perpendicularly  to  the  bar.  Heuee.  the  immediate 
conclusion  is  that  bars  are  formed  by  stable  orbits  and  that  they  cannot  be  longer  than 
the  corotation  radii,  in  agreement  with  Tromre  (1981),  Although  the  maximum  limit 
to  how  far  a bar  extend  appears  to  be  well-established,  the  minimum  limit  is  less  clear. 
Through  numerical  simulations  and  observations,  Combes  & Ellncgreen  (1993:  Figures  14 
and  15)  and  Elmegreen  & Elcmegreen  (1995)  have  reported  that  bars  can  end  near  the 


For  the  case  of  two  HRs,  xj  is  perpendicular  to  the  bar  botweeu  the  i 


1.2.2  Gas  Dynamics  and  Simulations 

Despite  its  small  contribution  to  the  total  mass  of  a barred  galaxy,  gas  is  still  of 
special  interest  to  the  overall  dynamical  study  of  tile  system.  The  ability  to  stay  relative 
cool  through  heat  dissipation  makes  gas  an  ideal  tracer  of  the  underlying  gravitational 
potential.  Gas  will  generally  follow  the  orbital  paths  of  stars  near  them.  However, 
the  streamlines  of  gas  do  not  cross  like  stellar  orbits  (collisions  between  gas  clouds 
will  produce  shocks)  and  so  the  orbital  structures  of  the  two  are  not  exactly  the  same 
The  paths  takeu  by  gas  are  typically  elliptical  near  the  bar  region  much  like  the  local 
stellar  paths.  However,  their  orbits  will  gradually  shift  by  90°near  the  major  resonances 
(eg.,  the  Lindbiad  resonances  and  corotalion  resonance)  while  stellar  orbits  become 
p r[  d Cl  lar  to  one  another  at  the  same  location  (Sanders  Sc  Huntley  19711;  Sanders 
& Tubbs  1980;  van  Albada  & Roberts  1981).  The  progressive  change  leads  to  orbit 
crowding  and  has  been  used  to  explain  the  gaseous  spiral  features  seen  in  simulations. 
Inside  the  bar,  the  shift  in  orientation  of  gas  flow  near  the  ILR  resonances  can  produce 
shocks  and  dust  lanes  as  well  as  leading,  or  trailing,  gaseous  bar  or  spiral  (Laine  1990). 

One  of  the  most  effective  way  to  study  such  phenomena  is  to  develop  hydrodynam- 
ical  models  of  the  gas  flow.  These  simulations  have  been  in  prevalent  use  for  about  the 
post  three  decades,  starting  with  the  earlier  works  of  the  authors  quoted  in  the  pre- 
vious paragraph.  The  galaxy  group  here  at  the  University  of  Florida  has  maintained 
a focused  research  on  such  a modeling  program  as  well.  The  works  of  Ball  (1992). 
England  (1989;  1990),  and  Hunter  et.  al  (1988)  have  used  the  “beam  scheme"  code 
(Samlets  Si.  Prendcrgast  1974)  to  model  the  flow  of  gas.  The  simulations  were  able  to 
duplicate  the  bar  regions  of  their  galaxies  successfully.  But  to  produce  the  observed 
spiral  arms,  an  additional  oval  component  was  required  to  be  added  into  the  potentials. 
The  recent  doctoral  work  of  Scppo  Laine  (1996)  on  NGC  7479  incorporated  the  use  of 
multi-wavelength  observational  data  with  the  Smoothed  Particle  Hydrodynamic  (SPH) 
numerical  method.  The  code,  written  by  Dr,  Clayton  Heller,  was  used  for  comparison 
with  the  observations.  In  addition,  the  potential  that  the  simulations  used  is  derived 
from  actual  data  and  is  not  model-dependent.  The  successful  results  of  Laine's  research 


provides  the  impetus  for  using  the  same  method  to  study  the  dynamical  processes  in 
NGC  33S9. 

To  understand  the  dynamics  of  NGC  3359,  the  SPH  code  will  be  used  to  calculate 
the  gas  response  to  the  potential  of  the  galaxy.1  The  potential  will  be  estimated  from 
the  I-baud  photometry  image  under  the  assumption  of  constant  mass-to-ligllt  ratio.  The 
underlying  orbital  structure,  which  specifies  the  gas  flow,  will  be  studied  in  parallel  as  it 
has  been  done  for  NGC  4314  in  Pntsis  et  al.  (1997). 

Features  produced  by  the  models  have  to  be  in  agreement  with  corresponding 
features  identified  in  the  optical  images  or  NGC  3359.  The  gas  flow  of  the  models  should 
match  two  main  types  of  morphological  features:  the  dust  lanes  observed  along  the  bar 
and  the  morphology  of  the  spiral  arms  in  the  outer  disk  of  the  galaxy.  Studying  the 
gas  dynamics  in  parallel  with  the  orbital  dynamics  of  the  bar  will  allow  for  a clearer 


1.2.3  Previous  Observations  of  NGC  3359 


in  the  New  General  Catalogue.  It  has  been  classified  as  type  SB(rs)c  in  RC3  and  SBc(s) 
l.S  in  A Revised  Shaptcg- Ames  Catalog  oj Bright  Galaxies  by  Saudage  fc  Dunmann 
(1987)  and  SBc  in  the  Hubble  (1926)  i lassification  scheme.  The  latest  classification  given 
to  the  galaxy  was  made  by  Elmcgrecn  & Elmegreen  (1982:  1995)  who  labeled  the  galaxy 
as  type  5 based  on  its  multi-arm  appearance  that  arises  from  the  the  northern  arms 
spurs.  The  first  published  report  of  NGC  3359  (that  can  be  found)  was  made  by  Hubble 
(1949)  who  suggested  Hint  the  system  was  an  outlyur  of  the  Ursa  Major  galaxy  cluster. 
He  estimated  the  distance  to  the  galaxy  to  be  ~ 1-5  Mpc  ("five  million  light  years”). 
More  recent  distance  determinations  have  yielded  the  values  between  11  Mpc  (Ball  1986; 
tie  Vacoulcurs  1979)  and  22.63  Mpc  (Mollenhoff  fc  Heidt  2001).  As  this  dissertation  will 
moke  multiple  comparisons  with  the  previous  works  of  Dr.  Ball,  the  value  of  11  Mpc  has 


1 The  version  of  the  SPH  code  that  is  used  to  construct  the  models  in  Chapter  5 comes 
from  Dr.  Patios  Patsis.  The  potential  that  is  used  to  run  the  code  is  derived  in  Chapter 


been  adopted.  In  truth,  this  value  is  rather  low.  Given  that  the  recessional  velocity  of  the 
galaxy  is  close  to  1010  km  s',  the  quoted  distance  would  give  Ho  - 92  kins'1  Mpc'1. 
Nonetheless,  the  value  will  be  used  throughout  this  research  project  for  the  sake  of 

In  the  B-band,  the  galaxy  has  a total  (photometric)  magnitude  of  1 1 ,03  ± .05  and 
a dimension  of  7.2  x 4.4  square  arcmiuutes  at  the  25th  magnitude  per  square  arcsecond 
isophotal  contour.  The  IR  observations  of  IRAS  have  found  the  Bus  density  of  the  galaxy 
at  12,  25,  60,  and  100  pm  to  be  0.43±0.027,  0.59  ±0.024,  6.27±0.03,  and  16.79±0.138  Jy 
respectively  (Soifcr  et  al.  1989);  the  allsolute  far-intrared  (FIR)  lumiuosity  is  log (Af/«) 

= 9.90  Ls  (Condon  et  al.  1990).  Carbon  monoxide  intensity  is  related  to  FIR  flux  (e.g., 
in  star  formation  regions)  and  the  first,  measurements  of  NGC  3359  produced  values  that 
were  moderately  low.  Both  Stark  et  al.  (1987)  and  Braineet  al.  (1992)  reported  CO 
(1-0)  integrated  intensity  values  of  0.3  - 0.48  K km  s'1.  Although  the  former  reported 
the  galaxy  as  detectable  al  2.6  mm,  the  latter  listed  their  observation  as  inconclusive. 

The  most  recent  CO  observations,  made  by  Young  et  al.  (1995),  fall  into  the  same  range 
of  values.  Hodge  (1969)  counted  a total  number  of  45  H II  regions  within  NGC  3359 
ill  the  initial  Ho  observation  of  the  system.  Rosas  et  al.  (2000a)  made  more  sensitive 
observations  and  catalogued  a total  of  547  ionised  hydrogen  regions.  They  also  gave  the 
total  Ho  flux  of  the  system  to  be  Lita  = (8-8  ± 0.6)  x 10’10  ergs  s“l . 

The  first  radio  observation  was  made  by  Heescheu  & Wade  (1964)  at  750  and  1400 
MHs  using  the  original,  single-dish,  300-foot  TYansit  Telescope  at  the  National  Radio 
Astronomy  Observatory.  Rogstad  et  al.  (1967)  used  the  Owens  Valley  Observatory’s 
two-element  interferometer  to  determine  the  first  set  of  H I properties  of  NGC  3359.  They 
estimated  the  mass  of  the  galaxy  to  be  7.7  x 101”  M®  but  cautioned  that  the  value  was 
susceptible  to  their  inaccurate  distance  to  the  galaxy  determination.  However,  most  of 
their  values  are  in  good  agreement  with  those  found  by  Ball  (1986)  and  here.  Bosnia 
(1981a)  published  the  first  H I velocity  Bold.  However,  the  bulwark  of  H I study  of  NGC 
3359  were  made  by  Ball  (1986)  and  Cottesman  (1982).  The  first  kinematicnl  analysis 
of  the  galaxy  was  performed  by  Dr.  Gottesman.  The  investigation  was  continued  by 
Dr.  Ball  who  also  studied  the  the  gas  dynamics  of  the  system  with  the  use  of  the  beam 


scheme  (Ball  1992).  lu  the  article,  it  wan  established  that  the  best  model  that  reproduced 
the  gas  densities  and  kinematics  was  a combination  of  an  inhomogeneous  tnaxtal  ellipsoid 

his  work  wilt  be  discussed  in  Chapters  2 and  5. 

Sc  Ehnegroen  (1985)  initially  found  it  to  have  an  exponential  profile  but  later  classified  it 

first  analysis  used  shorter  B and  1 wavelength  observations  while  the  latter  used  the  NIR 
J.  H.  and  K bonds.  The  methods  of  determining  the  bar  strength  noted  earlier  have  also 
been  used  on  NGC  3359.  In  the  same  article  in  that  be  introduced  his  method,  Martin 
(1995)  found  Cb  = 7 (where  a value  of  8 is  considered  very  strong)  while  Aguerri  (1999) 
reported  e&  = 5 (as  inferred  from  the  published  value  of  5/a  — 0.48).  Laurikninen  Sc  Salo 
(2002)  employed  the  Bula  Sc  Block  (2001)  method  to  derive  Qb  — 0.46.  0.42,  and  0.45 
using  the  2MASS  H.  .1,  and  K infrared  images.  In  a separate  NIR  study  using  data  from 
the  Calar  Alto  observatory.  Mollenhofi  & Heidt  (2001)  found  the  bar  to  be  “fairly  weak" 
and  give  the  axial  ratio  of  the  liar  as  0.28  and  0.29  for  the  J-  and  K-band  respectively. 
Hence,  the  strength  of  the  bar  remains  unclear.  Lastly,  there  are  only  two  published 
estimated  values  of  the  pattern  speed  for  the  galaxy.  Aguerri  ct  al.  ( 1998)  published  the 
value  of  50.04  km  s kpc  1 while  Sempere  (1999)  preferred  two  speeds  in  the  simulation 
of  NGC  3359.  The  values  that  best  fit  her  models  were  100  km  s'1  kpc-1  for  the  nuclear 
region  and  27  km  s-1  kpc-1  for  the  outer  bar  and  spiral  pattern. 

oxygen  distribution  in  the  bar  and  disk  of  the  galaxy  by  Martin  Sc  Roy  (1995).  Within 

to  the  chemical  evolution  of  the  galaxy,  and  the  authors  also  suggested  that  the  bar 
of  NGC  3359  is  still  forming  (i.e.,  they  estimated  the  age  to  be  — 4 x 10s  years  old). 

This  result  could  be  very  significant  Since  it  is  normally  assumed  that  observed  bars  are 
well-developed.  If  the  conjecture  of  Martin  & Roy  (1995)  is  true,  then  the  dynamics  of 


stages  of  development  in  barred  galaxies. 

Other  important  observable  properties  of  the  galaxy  that  have  been  published  are 

ments,  please  refer  to  Ho  et  al.  (1997).  The  specifies  of  the  important  works  of  Ball 
(1986,  1992)  and  the  Spanish  group  at  the  Institute  de  Astrofisiea  in  Spain  (Rozas  et  al. 
2000a;  Rozas  et  al.  2000b)  will  be  deferred  to  later  chapters  for  purposes  of  reference, 
comparison,  and  contrast. 

NGC  3359  is  a good  candidate  galaxy  for  a multi-wavelength  research  as  the  galaxy 
is  nearby  and  therefore  relatively  large.  It  is  also  not  only  bright  photometrically  but 
also  in  H I.  Its  disk  is  oriented  such  that  it  is  ideal  for  studying  both  the  tangential  and 


that  produce  strong  Ho  emission  that  are  observable  with  a Fhbry-Perot  interferometer, 
thereby  producing  another  set  of  data  from  which  kiueinatical  information  of  the  system 
can  be  extracted. 


performed  by  Ball  (1986;  1992).  However,  the  data  that  is  present  for  this  uisseriauon 

research.  The  method  in  winch  the  hvdrodynanucal  models  are  made  is  also  different. 

observations  and  is  not  an  artificial  construct. 

In  Chapter  2,  the  21-cm  data  will  be  presented  and  analyzed.  The  gas  distribution 

The  optical  and  NIR  observations  of  the  system  are  then  reviewed  in  Chapter  3.  Speeili- 

will  be  determined.  In  addition,  the  kinematics  of  the  ionized  hydrogen  gas  will  also  be 
analyzed  and  compared  with  the  results  of  the  H I study.  In  Chapters  A and  5,  numerical 

the  underlying  gravitational  potential  (that  has  been  extracted  from  the  I-band  image). 
In  Chapter  6,  the  synthesis  nud  summary  of  the  previous  chapters  are  presented.  Also 


included  in  this  final  chapter  ore  discussions  of  the  passible  future  works  that  could  be 
extended  front  this  project. 


•Mill:  1-1:  General  observational  properties  of  NGC  3359 


Object  names*-b 
Morphological  type"*1 


Right  Ascension  (B1950) 
Declination  (B1950) 
Right  Ascension  (J2000) 
Declination  (J2000) 
Heliocentric  radial  velocity11 

Distance' 

Photometric  data 

UTC 


IRAS  12  p m flux' 
IRAS  25  pm  flux* 
IRAS  CO  piu  flux* 
IRAS  100  pm  flux* 


Type* 

Projected  radius* 

Radio  properties 
H 1 linewidth  at  20%  level"1 


Tblal  mass" 
CO  flux" 


NGC  3359;  UGC  05873 
SB(rs)c;  SBc(s)  1.8 

lO^^ail 
63”29'15"8 
10*46m3G?7 
63°  13' 27*10 
1013±3kms-‘ 

11.0  Mpc 

11.0  Mpc 

10.83  ±0.06 
11.03  ±0.05 
10.57  ±0.05 
9.439  ± 0.027 
8.734  ± 0.035 
8.621  ±0.046 
0.43  ± 0.03  Jy 
0.59  ± 0.02  Jy 
6.27  ± 0.03  Jy 
16.79  ± 0.14  Jy 
7.9  x 105  Ao 
8.8  x I0ln  ergs  s- 1 


171 .84  ±28.20 
203  kin  s-1 
5 x 10s  Me 


1.2  X 10"  Ms 

(0.315  ± 0.059)  x 10:,Jy  km  s'1 


Position  angle1  170" 

Inclination  angle1  51° 

"Dreyer  (1888);  "Nilson  (1973;  "RC3;  ’'Sandage  & Tammann;  "Falco  et  al.  (1999); 

'Jarrcl  el  al.  (2003);  "Soifer  et  al.  (1989);  '’Condon  et  al.  (1990);  1 Rosas  et  al.  (2000a); 
JEluiegrecn  et  al.  (1996);  ‘Aguerri  et  al.  (lil'JB);  ‘Elraegreen  St  Elmcgrecn  (1985);  ""the 
average  value  of  the  reported  fluxes  from  Huchtmeier  St  Richter  (1989);  "Ball  (1986); 
"Stark  et  al.  (1987);  'Braille  St  Combes  (1992) 


Most  of  the  hydrogen  that 
Elmegreen  1998).  Hydrogen  m 


in  the  Universe  is  in  stars  (roughly  74%  by  mass. 

•ious  phases  of  the  gas,  from  the 

molecular  clouds.  The  amount  of  gas  in  galaxies  appear  to  follow  the  Hubble  diagram 

galaxies  are  known  to  have  up  to  10%  of  its  total  moss  while  irregulars  have  the  most 
copious  amount  of  gas  (more  than  its  stellar  content). 

galaxy.  Molecular  Hr  clouds,  traced  out  by  CO]  observations,  typically  reside  in  the 

is  not  always  the  case  (e.g,,  the  arms  of  M51  contain  about  50%  of  its  H'J  content). 

sometimes  forming  rings  or  pseudo-rings  around  the  central  regions  of  barred  spirals,  as 

critical  in  cooling  the  heating  made  by  stars  through  its  dissipative  nature.  The  removal 
of  heat  allows  the  stability  of  the  disk  through  rotational  support  to  be  maintained.  In 
addition,  the  cool  gas  is  an  ideal  tracer  of  the  underlying  galactic  potential  because  of  its 
low  velocity  dispersion. 

derstanding  of  galactic  dynamics.  For  atomic  hydrogen,  its  21 -cm  emission  line  is  the 
by  Ewen  and  Purcell  with  the  horn  antenna.  Early,  initial  observations  of  the  gas  were 


limited  to  large  angular  stale  structures  owing  to  the  large  beam  solid  angle  (i.e.,  low 


arrays  such  as  the  Very  Large  Array  (VLA)  telescope,  today's  21-cm  observations  allow 
us  to  probe  and  analyse  the  H I structure  and  content  of  galaxies  in  greater  detail  with 

Tile  strength  of  interferometric  data  is  further  fortified  by  the  fact  that  the  velocities 
at  which  the  gas  flows  can  also  be  observed  {at  velocity  resolutions  of  a few  to  tens  of 

the  entire  galaxy  makes  it  a good  candidate  for  studying  the  dynamics  of  the  system. 

In  this  chapter,  the  H 1-rich  galaxy  NGC  3359  will  be  studied  in  detail.  The  galactic 
gas  content  and  structure  will  be  probed  and  its  overall  H 1 mass  estimated.  Moreover, 

the  gas  flow  is  complex  and  the  kineinatical  model  made  from  simple  assumptions. 

realistic  hydrodyuamical  models,  in  Chapter  4,  will  help  explain  the  phenomenology  seen 
in  this  chapter.  Further  discussions  of  the  technical  descriptions  of  the  2I-cin  emission 

The  outline  of  the  chapter  is  as  follows:  Section  2.2  presents  the  21-cm  data  and  the 

obtained  and  discussed  in  this  section.  The  amount  and  distribution  of  H I within  NGC 

whereby  the  global  properties  and  the  rotation  curve  of  NGC  3359  are  obtained.  The 
results  from  this  section  are  used  to  create  the  axisyritmctric  model  velocity  field  of  the 
system  as  well  as  mass  models  iu  Section  2.5.  The  chapter  concludes  with  a description  of 
the  satellite  companion  to  galaxy  in  Section  2.6  and  a brief  summary  in  Section  2.7. 

2.2  The  Data 

measurements  of  the  neutral  hydrogen  emission  from  the  galaxy  NGC  3359.  All 


wear  made  to  obtain  the  UV  data-1 2  The  total  bandwidth  used  in  the  observations,  2.5 

Tilde  2-1  gives  the  detailed  list  of  the  cursory  information  described  above. 

vations.  The  pointing  center  of  the  array  was  (RA,  DEC)  = 10h43'"lKl)  and  63'*27'42'10. 
The  configuration  of  the  WSRT  array  was  set  up  so  that  the  projected  baselines  ranged 

512  x 512  square  grid  of  5"004  x 5"004  pixels.  Thus,  the  field  of  sky  coverage  for  each 
image  is  42.7  x 42.7  arcminute2.  The  combination  of  the  two  spatial  and  one  spectral 

from  the  process  that  have,  respectively,  15"  and  30"  angular  resolutions.  The  first  four 
and  last  three  signal-free  channels  were  trimmed  off  during  the  construction  process  to 

made  by  the  observer.  Dr.  A,  H.  Brooils.  He  has  kindly  given  me  the  permission  to  use 
the  H I data  for  this  thesis. 

The  mean  r-m-s.  noise  of  the  cleaned  cubes  are  0.62  and  0.78  mJy  per  beam  solid 
brightness  temperatures  for  the  r.m.s.  noise  are  1.71  and  0.54  K respectively. 


1 The  Westerbork  Synthesis  Radio  Telescope  is  operated  by  tho  ASTRON  (Netherlands 

for  Scientific  Research  NWO. 


Table  2-1:  Observational  properties  of  the  21 -cm  data  for  NGC  3359 


December  1986  to  February  1987 
48  hours  (4  x 12) 

40 

36-2736-36  m 


14.9"  x 14.9" 
29.8"  x 29.7" 


1.71  K 
0.54  K 
2.5  MHz 


39.1  kHz 
8.3  kins-1 
986.8  km  s“' 

2.76  K per  mjy  beam-1 
0.69  K per  mjy  beam*1 


Telescope  WSRT 

Observing  Dates 


Channel  maps  of  the  21-cm  spectral  line  data  are  shown  in  Figure  2-1.  Along  with 
those  that  show  emission  greater  than  three  times  the  r.m.s.  noise  value,  two  signal-free 
channels  are  included  at  each  end  of  the  figure.  The  central  volocity  value  and  number  of 

In  this  and  all  subsequent  figures,  north  is  up  and  east  is  to  the  left.  H I emission  from 
the  satellite  of  the  galaxy,  discovered  by  Ball  (1986),  can  be  seen  in  channels  22  — 25.  The 
contour  lit 


inclined,  rotating  disk  are  parabolic  in  shape  (Rupen  1999).  As  each  channel  of  the  data 
cube  is  limited  by  its  frequency  (velocity)  width,  only  regions  emitting  the  corresponding 


Doppler-shifted  radiation  will  be : 


Figure  2-1:  Hi  channel  maps  of  NGC  3359.  The  central  velocity  of  each  channel  is  shown 
at  the  top  right  corner,  in  units  of  km  s'1.  The  15"  beam  is  shown  at  the  bottom  right. 
Contour  lines  are  plotted  at  (-3,  3.  5,  7.  10,  and  16)  * the  r.m.s.  noise  level  per  channel 
(1.7  K).  Channels  10  to  21  of  53  (from  upper  left  In  bottom  right  panels)  are  shown  on 
this  page. 


Figure  2-1:  Contour  map  of  channels  22  to  33  of  the  15"  data  cube.  Contour  lines 
plotted  at  (-3,  3,  5,  7,  10,  and  IB)  < the  r.m.s.  noise  level  per  channel  (1.7  K). 


Figure  2-1:  Contour  map  of  channels  34  to  45  of  lire  15"  data  cube.  Contour  lines  i 
plotted  at  (-3,  3, 5,  7, 10,  and  16)  * tire  r.m.s.  noise  level  per  channel  (1.7  K). 


Figures  2-2  to  2-4  show  three  different  views  of  data  cubo  in  its  native  3-D  form. 

It  can  be  seen  in  Figure  2-2  that  the  blue-shifted  side  of  the  galaxy  is  located  in  the 
south.  Assuming  that  the  arms  are  trailing  the  rotation  of  the  galaxy,  the  western  half 
represents  the  near  side  toward  us.  In  this  orientation  of  the  cube,  the  whole  galaxy 
appears  to  rotate  as  a single  system  across  the  velocity  plane  (i-e-  the  velocity  increases 
with  declination).  However,  this  view  no  longer  holds  when  Figure  2-3  is  viewed.  Rather, 
there  are  hints  of  three  separate  velocity  systems  delineated  by  major  structures  within 
the  galaxy.  The  most  discernible  is  the  northern  extension  of  the  eastern  arm  that 
appears  to  have  a slightly  lower  redshift  than  the  main  H t disk. 

In  Figure  2-4,  the  the  velocity-declination  plane  of  the  data  cube  is  shown.  Running 
across  the  center  of  the  diagram  is  the  inner  (~  70")  disk  of  the  galaxy  (the  region 
between  the  two  green  horizontal  lines).  The  H I region  that  contains  the  optica)  arms 
(the  region  between  the  two  red  lines)  lies  on  another  plane  that  is  inclined  at  about  20° 
with  respect  to  the  inner  disk.  Finally,  the  features  that  form  the  steepest  slope  that 
runs  almost  diagonally  across  the  diagram  are  the  northern  and  outer  western  H I arms. 
Indeed,  these  structures  do  not  rotate  at  the  same  rate.  This  3-D  representation  of  a 
velocity-declination  plane  is  typical  for  a spiral  galaxy  with  a (nearly)  flat  rotation  curve 
in  tile  outer  part  and  a steeply  rising  central  region.  If  the  rotation  curve  were  to  fall  off 
in  a Kepleriau  manner  to  signify  that  the  majority  of  the  mass  has  been  observed,  the 


Figure  2-2:  Three-dimensional  representation  of  the  galaxy.  Note  the  slight  change  in  the 

outermost  features  would  have  a backward-S  appearance.  This  is  not  seen  in  the  figure 
and  a flat  rotation  curve  is  expected  for  NGC  2359. 

The  most  important  information  that  cau  extracted  from  data  cubes  arc  its 
moments.  These  two-dimensional  representations  of  the  gas  content  of  the  galaxy 
not  only  offer  a simpler  way  to  view  the  original  data  but  they  also  describe  the  physical 
field  of  the  H l gas  within  the  galaxy,  All  moments  are  calculated  from  the  base  equation 

moment,,  = f Tg(x,y)V"dV.  (2.1) 

The  seroth  moment  map  is  made  by  integrating  the  individual  channel  maps  over  all 
positions.  The  H I column  density  at  a point  (x,  Jl)  is  given  by 

X 10'“  J TB(x,y)dV  atoms  cm-5.  (232) 


Nh  = 1.8224 


(2-5) 


solid  angle  for  the  data.  The  equations  above  assume  that  the  gas  is  optically  thin,  as  is 
usually  the  case  for  Hi.  (For  the  optically  thick  cose,  please  see  Appendix  A.) 

In  an  ideal  world  where  data  contain  only  lino  emission,  a simple  summat of 

pixels  (with  weights  when  applicable)  would  produce  the  moment  maps.  However,  it  is 
expected  that  any  real  emission  from  a specific  location  will  exist  only  in  a small  range 
of  contiguous  channels.  Any  peak  that  appears  at  the  same  pixel  in  non-consecutive 
channels  is  likely  a noise  spike.  The  physical  argument  is  that  any  region  of  gas  will  emit 
spectral  lines  for  a range  of  frequencies  due  to  the  motion  of  the  galaxy  and  unless  the 
disk  is  warped,  the  line  peaks  should  appear  only  once  in  a narrow  range  of  velocities  in 
the  data.  In  the  case  of  (extreme)  warps,  the  line-of-sight  may  Intersect  more  than  once 


Basina  (1081). 


filled  with  more  noise  than  signal  owing  to  the  inclusion 
liore  detailed  discussion  of  this  matter  has  been  written  by 
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All  of  the  moment  mops  that  are  used  in  this  thesis  have  been  created  from  the  task 
MOMENTS  in  the  WSRT's  data  reduction  program  GIPSY  (Groningen  Image  Processing 


ation  and  attempts  to  ameliorate  it  by  combining  the  standard  practice  of  noise  reduction 
(cut-off  method)  with  the  “window"  method  introduced  by  Bosnia  (1981). 

The  first  step  in  creating  the  moment  maps  is  to  create  a mask  cube.  This  data 
set  is  the  product  of  convolving  the  original  data  cube's  spatial  and  velocity  axes  with  a 
Gaussian  and  Hanning  kernel  respectively.  Neat,  a threshold  level  is  set  to  eliminate  the 
smoothed  pixels  whose  values  lie  below  the  specified  acceptance  gate.  Then  the  window 
method  is  used  to  process  the  remaining  “good”  pixels.  At  each  pixel,  the  velocity  of  the 
peak  profile  is  first  determined  and  an  initial  window  is  established.  Values  outside  the 
window  arc  estimated  and  then  the  size  ot  the  acceptance  gate  is  widened  gradually  in 
velocity.  For  each  subsequent  iteration,  the  values  outside  the  window  arc  compared  with 
those  of  the  previous  window.  Eventually,  both  values  will  reach  an  accepted  tolerance 


of  the  r.m.s.  noise  level  of  a channel  map  plus  a “continuum"  level  that  is  empirically 
defined  (England  19S6).  In  this  way,  single  channel  noise  spikes  are  eliminated  from  the 
maps  and  line-signals,  which  arc  contiguous  for  a number  of  channels,  remain.  Pixels  that 
do  not  pass  either  of  these  criteria  are  Bagged  and  the  corresponding  pixels  in  the  original 
data  cube  are  set  to  “blanked"  out  (i.o.,  set  to  undefined  value).  Unblaukcd  pixels  are 
then  integrated  to  make  the  desired  moment  map(s). 

lb  create  the  moment  maps  that  are  analyzed  in  this  diopter,  the  initial  cube  was 
convolved  with  a Gaussian  kernel  of  two  beam-width  in  spatial  position  along  with  a 
running,  three-point  Hanning  function.  This  velocity  smoothing  kernel  has  the  form 

X„  = 0.25ATn-i  + 0.5X„  + 0.25AV  1 (2-6) 

whore  n is  the  current  channel  of  analysis.  The  moment  maps  were  created  by  summing 
up  all  the  pixels  of  each  individual  channel  that  had  values  greater  than  | ± 2.5|  times 


the  average  r.m.s.  noise  level  (Talilc  2-1)  of  the  cube.  This  ensured  that  any  positive  bias 
were  excluded.  The  r.m-s.  noise  of  the  maps  typically  spanned  four  channels  on  average. 

Three  additional  information  that  are  gathered  from  the  data  cubes  that  will  also 
be  utilized  to  analyze  the  physical  properties  of  the  Hi  gas  are  (1)  the  global  profiles, 

(2)  the  continuum  field,  and  (3)  the  position-velocity  profile  maps.  The  first  is  derived 
by  integrating  the  total  flux  of  the  21-cin  emission  from  each  channel  of  the  data  cube 
with  respect  to  velocity  axes.  The  second  can  be  obtained  by  analyzing  the  line-free 
channels  of  the  cubes.  The  process  is  described  more  fully  in  subsection  2.3.4.  And  lastly, 
position-velocity  (PV|  plots  are  made  by  taking  slices  through  one  of  the  coordinate 
axes  and  the  velocity  axis.  This  method  allows  follow  the  distribution  and  flow  of  gas  at 
specific  positions  along  the  slice  through  a range  of  velocities.  As  PV  diagrams  pertain  to 
the  kinomatical  behavior  of  the  gas  as  well  as  its  intensities,  they  will  be  discussed  after 
the  distribution  of  H I and  tile  kinematics  of  the  gas  have  been  reviewed. 

2.3  H I Distribution  and  Continuum  Emission 
2.3.1  Global  H I Properties 

The  global  profiles  of  the  galaxy  for  both  15"  and  30"  data  sets  are  shown  in  Figure 
2-5.  Despite  the  large  number  of  lop-sideness  profiles3  that  have  been  observed  (Haynes 
et  al.  1998;  Richter  St  Sancisi  1994),  no  clear  evidence  of  such  feature  is  seen  for  NGC 
3359  (i.e.,  the  difference  between  the  two  “horns"  of  each  spectrum  is  only  30  mJy  (4%  of 
the  profile  peak).  The  width  at  20%  or  the  peak  flux  (Ww)  is  267.7  km  s'1.  Single-dish 
measurements  by  Staveley-Sraith  k Davies  (1988)  and  Tifft  (1990)  have  yielded  results 
of  264  km  s~‘  and  269  km  s-1  respectively.  However,  it  has  been  pointed  out  by  Brocils 
k van  Woerden  (1994)  tlrnt  H jo  must  be  corrected  for  instrumental  broadening.  The 
correction  IV&  (Bottiuelli  et  al.  1990)  takes  the  general  form 

H'|0  = Ww  + (n  ■ 1 + 6)  • Av,  (2.7) 


3 This  term  refers  to  the  asymmetric  distribution  of  H I with  respect  to  the  center.  One 
clear  case  of  lop-sidedness  in  a galaxy  is  M101  (Kamphuis  et  al.  1991). 


Velocity  (km  s“  ) 

For  NGC  3359,  1F£0  = 261.0  bis-1.  The  line-of-sight.  systemic  velocity,  as  determined 
from  the  midpoint  of  the  20%  width-level,  is  1006.4  km  s~ 1 . This  value  compares 
favorably  with  the  1008  km  s'1  value  of  Ball  (1986)  and  1006.7  km  s-1  of  Rosas  et  al. 
(2000b)  that  was  derived  from  their  Hn  data  analysis.  Similarly,  Stavely-Smith  ct  al. 
(1988)  found  1012  km  s'1  with  their  data. 

To  calculate  the  total  H I flux  and  mass  of  the  system,  the  15"  moment  was  eschewed 

to  the  larger  benmsize.  First,  the  only  the  area  where  emissiou  arises  from  the  galaxy 

(in  units  of  Jy  beam-1  x km  s-1  was  then  divided  by  the  beam  sire  to  produce  the  total 

(139.4  — 204.1  Jy  kui  s~ 1 ) given  by  the  H I catalog  of  liuchtmcier  & Richter  (1989), 
Staveley-Smith  fe  Davies  (1988)  and  Tifft  (1990)  reported  their  findings  as  193.7  and 

total  Hi  mass  is  determined  to  be  Mm  = 5.6  x 10<J  Ms,.  Single-dish  measurements  have 
yielded  H I masses  of  5.8  x 109  M©  (Rots  1980).  6.1  x 10®  M©  (Fisher  & Hilly  1981) 
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Figure  2-6:  H I surface  density  map  of  NGC  3359  and  its  satellite.  The  contours  are  at 
plotted  one  (2.5<7),  2.5, 5,  10,  15,  and  20  M...  pc-2.  The  15"  beam  is  plotted  at  the  upper 
right  corner  of  the  diagram. 

and  5.6  x 109  M . (Staveley-Smith  k Davies  1988).  Hence,  the  observation  made  by  the 
WSRT  interferometer  docs  not  appear  to  haw  any  significant  loss  of  emission  due  to  the 

Figure  2-6  shows  the  soroth  moment  map  of  NGC  3359  seen  at  15"  resolution 
Throughout  tins  < liaptcr,  the  area  confined  within  the  inner  9'  (i.e  2S.S  kpc)  of  the 

gas  arms).  This  feature  is  larger  than  the  D25  of  tile  25  mag  arcsec-2  B-band  isophote 
(RC2)  by  almost  25%  and  contains  the  northern  and  southern  optical-gas  spiral  arms  of 
the  galaxy  (Figure  2-7).  Protruding  from  the  left  and  right  of  the  H t disk  are  the  eastern 


i 


Figure  2-7:  1.25  M@  isodensity  contour  line  of  the  15”  data  highlighting  the  extent  of 
the  H I distribution  as  compared  to  the  stellar  component  of  the  galaxy  (the  grayscale. 
Digital  Sky  Survey  B-band  image). 


long,  continuous  arms,  giving  the  galaxy  a “grand  design”  appearance  (Elmegrectt  1981). 

limit  of  the  resolution  (~  800  pc).  The  total  extent  of  the  H I content'1  encompasses  a 

onto  the  sky.  is  Nh  = 2.8  x 10zl  atoms  cm-2  (22  M©  pc-2)  and  the  average  density  is 
7.8  x 10“  atoms  cm'3  (6.3  M©  pc'3).  This  peak  is  situated  in  southern  arm  uear  a bright 
H II  region.  The  locations  of  the  highest  gas  concentration  tend  to  be  distributed  around 
the  main  arms  of  the  H I disk  as  they  represent  strong  potential  wells  where  the  gas  cart 
be  easily  trappod. 

In  showing  the  global  symmetry  between  the  arms.  Ball  (1986)  measured  the 


1 The  low  resolution  data  was  used  to  determine  the  H I diameter  of  the  galaxy.  Figure 


Offset  RA  (arcmin) 


ire  2-8:  A grayscale  surface  density  in 


were  in  agreement,  especially  at  larger  radii.  The  mean  values  derived  for  the  logarithmic 
being  better  approximated.  The  large  angular  values  arc  consistent  with  late  type 
about  three  times  less  than  that  of  the  main  disk.  The  eastern  gas  arm  is  well-delineated, 


before  ending  at  a position  angle  of  +20°  east  of  north  and  about  22.5  kpe  away  from 
section  that  forms  the  outermost  region  of  the  galaxy.  Their  attachments  to  the  galactic 


Figure  2-8  displays  the  symmetry  that  exist  for  the  two  halves  of  the  galaxy.  The 


displays  the  highly  symmetric  distribution  of  gas  between  the  northern  and  southern 


halves  of  the  main  disk-  Just  beyond  the  southern  edge  of  the  disk  lifts  a patch  of  H I that 
breaks  the  symmetry  between  the  two  sides-  This  addition  of  gas  extends  the  south  side 

Due  to  the  spurious  arrangement  of  the  If  1 clouds  in  the  inner  western  arm,  it  is  not 
clear  whether  this  area  of  gas  is  actually  part  of  it  although  the  contour  line  of  the  mirror 
image  mildly  indicates  the  possibility. 

Near  the  (stellar)  bar  region,  the  H I arms  wound  around  and  form  a rectangular 
shape  pseudo-ring  of  60"  in  projected  radius.  Confined  within  the  ring  is  the  gas  deficient 
central  region  of  NCC  3359.  This  phenomenon  is  not  uncommon  as  our  neighboring 
galaxy  M31  also  has  a centrally-depressed  region  of  atomic  neutral  hydrogen  in  its 
H l distribution.  The  lack  of  H I in  this  area  is  probably  caused  by  the  sweeping  motion  of 
the  bar  that  funnels  the  gas  (as  it  loses  angular  momentum  near  the  bar  ends)  toward  the 


of  new  stars  (as  seen  along  the  bar  of  NGC  3359).  These  two  phenomenons  arc  addressed 

hydrogen,  past  CO  observations  of  the  system,  as  reviewed  in  the  last  chapter,  indicate 
that  NGC  3359  emit  weakly  in  the  millimeter  wavelength  regime.  Hence,  it  is  more  than 

bar  of  the  gas. 

2.3.3  Radial  H t Profile 

A more  quantitative  study  of  the  H I distribution  can  be  performed  by  analysing  the 

averaged  profile  corresponds  to  the  gas-enhanced  pseudo-ring.  The  surface  density  is 

the  galaxy  reside  in  the  southern  arm  and  are  covered  by  a single  annulus  used  in  the 
construction  of  the  profile.  This  local  enhancement  has  created  the  second  peak  in  the 

fitted  by  an  exponential  of  the  form 


£(r)  = Eo  e-'1 


(2.8) 


Figure  2-9:  Surface  density  radial  profile  of  NGC  3359.  Filled  circles  represent  the  best- 

From  the  equation  above.  I derived  the  H I scale  length  hill  = 3.0  ±0.1  kpc  for  the 
galaxy.  The  surface  density  reaches  the  Dm  level  of  one  M . pc-3  ut  approximately 
280"  or  1.3R2S,  within  the  range  of  1,7  ± 0.5  that  Broeils  fc  Rhee  (1997)  found  with  their 
sample  of  108  spiral  and  irregular  galaxies. 

the  previous  results,  the  UV-data  of  the  observations  made  by  D 

and  from  the  galaxy.  The  map  was  made  by  averaging  line-free  channels  -I  - 12  and 
51  - 59  of  the  original  64-channel  data  then  “cleaning"  (Appendix  B)  the  product  down 
to  the  expected  noise  r.in.s.  level.  The  continuum  field,  at  14,03"  >:  12.80"  resolution 
is  displayed  in  Figure  2-10.  More  emission  lias  been  detected  than  that  found  by  Ball 
(1986)  although  the  same  core  source  of  radiation  is  found  near  the  center.  No  detectable 

shortly  after  the  explosion.  Rather,  the  locations  of  the  peaks  tend  to  coincide  with 


Right  Ascension 

Figure  2-10:  Radio  continuum  emission  seen  around  the  galaxy.  Tile  t enter  of  the  galaxy 
is  marked  by  the  asterisk.  The  star  marker  denotes  the  supernova  1985H  as  reported  by 
Kristian.  Nemec,  k Staples  (1985).  Contour  levels  are  at  3,  5,  7,  and  11  times  the  r.in.s. 
noise  level  of  0.37  K.  The  beam  sixe  of  observation  is  plotted  at  the  top  right. 


the  bar  followed  by  a patch  of  ionised  hydrogen  northeast  of  the  galactic  center.  It  will 
be  shown  in  Chapter  3 that  these  two  ureas  are  also  some  of  the  highest  flux-emitting 


Velocity  Field 


2-11  to  2-13.  Figures  2-11  and  2-12C  are  Renxo  diagrams  showing  isovelocity  contour 

isovcls  is  similar  to  a typical  “spider”  pattern  of  a rotating  disk  that  has  been  projected 
onto  the  sky  plane.  The  spider  diagram  of  Figure  2-12A  is  a velocity  contour  map  of 

idealised  rotation  curve  with  Kepleriau  fall-olf  at  large  radii.  In  the  diagram,  the  ovals 
indicate  the  locations  of  the  maximum  rotation  velocities  of  the  rotation  curve.  The  only 


3430 


| 63°29  30 
1 

2430" 


Figure  2-11:  The  velocity  fields  of  NGC  3359  and  its  satellite.  The  contour  levels 
are  from  850  to  1150  km  s-1  in  steps  of  10  km  s~‘.  The  heavy  white  line  denotes  the 
systemic  velocity.  The  15"  beam  is  plotted  at  the  upper  right  corner  of  the  diagram. 

velocity  of  the  galaxy  This  constant  value  is  depicted  by  the  vertical  middle  line.  The 
other  principal  axis  of  the  system,  the  kinematics!  major  axis  (not  shown),  bisects  the 
ovals  and  the  galactic  center.  In  principle,  the  two  axes  should  be  perpendicular  to  each 
other  but  strong  streaming  motions  along  the  bar  can  offset  this  alignment. 

as  kinks  in  the  velocity  field  contour  lines  of  Figure  2-12C.  The  largest  deviations  from 

velocity  .streaming  (Gottesman  & Weliachew  1975;  Rots  1975)  effect  is  caused  by  the 
response  of  the  gas  flow  ns  it  travels  through  the  density  wnves  that  make  the  arms.  The 

displacement  is  more  pronounced  than  the  other  side.  The  undulating  velocity  contours 
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the  materials  moving  through  it  as  the  isovels  remain  fairly  smooth  in  passage.  However, 
the  systemic  velocity  contour  line  is  skewed;  the  observed  kinks  indicate  the  presence 
of  non-circular  motions  that  will  be  investigate  further  in  subsection  2.4.3.  The  closed 
contour  lines  on  the  velocity  map  represent  the  maximum  value  or  the  observed  rotational 
velocity. 

In  the  neighborhood  of  the  galactic  nucleus,  the  isovels  bend  toward  the  east,  along 
the  bar  major  axis.  The  contours  within  the  bar  region  aligning  themselves  into  an 
S-conliguration,  as  seen  in  many  other  barred  systems.  This  is  expected  for  the  gas 
flowing  in  elliptical  orbits  around  the  bar  (Huntley  et  ah  1978;  Prendergasl  1983;  Sanders 
it  Huntley  1978;  Sellwood  k Wilkinson  1993;  van  Albedo  St  Sanders  1982).  The  contours 
are  turned  toward  the  bar  in  such  a way  that  they  appear  to  be  pinched  together  at  two 
diametrically  opposing  positions  located  northwest  and  southeast  of  the  bar.  As  this  area 
contains  mainly  elliptical  motions,  it  will  be  excluded  in  the  processes  used  to  derive  the 
global  H 1 kineinatical  parameters  of  the  galaxy  that  will  be  discussed  next. 

2.4.2  Global  Kinematical  Properties 

Consider  a galactic  disk  that  has  its  kinematical  major  axis  rotated  by  the  position 
angle  * and  is  inclined  at  an  angle  i from  the  Une-of-sight.  The  observed  velocity  at  any 
point  (r.y)  on  the  disk  can  be  described  by  the  equation 

Vsti(B,S)  = vn>  + Vc(r)  cas0sini  + Vnc(r)  ant  tint  + V,(r)  cosi  (2.9) 


where  is  the  systemic  velocity  of  the  center  of  the  galaxy  (*o.Wl),  K and  Vnc  are  the 
circular  and  non-circular  (radial)  velocity  components  of  the  observed  velocity,  and  Vi  is 
the  velocity  in  the  z-direction,  The  azimuthal  angle  0 is  related  to  (xs.m).  •.  and  d by 
the  equations 

cos(fl)  = — 


_ —(a  - Jp) ad 


The  position  angle  is  mi 


_ -(a-ip )cosd-(»-im)J‘n^  (2.11) 

counterclockwise  from  the  north  in  the  plane  of  the  sky  to 


the  major  axis  of  the  receding  half  of  the  galaxy.  For  the  present  ca 


and  vortical  emotions  are  assumed  to  be  small  with  respect  to  Vi,  as  is  typical  for  disk 
galaxies. 

The  unknown  kinematical  properties  just  defined  have  boon  found  by  using  an 
ensemble  of  individual  rings  (Figure  2-I2B)  to  model  the  observed  velocity  field.  The 
rings  can  be  assigned  separate  sets  of  initial  values  so  that  each  ring  is  completely 
independent  from  another  in  the  fitting  algorithm.  GIPSY’S  ROTCUR  program  and 
the  iterative  scheme  of  Begeman  (1980)  were  used  specifically  to  derive  the  desired 
parameters.  The  Begeman  algorithm  is  a refinement  of  the  methods  employed  earlier  by 
Warner  et  al.  (1973)  and  Gottesman  & Weliachew  (1975). 

Initial  estimates  of  the  unknown  parameters  needed  to  start  the  tilted-ring  method 
were  taken  from  previous  observations  of  NGC  3359.  These  values  were  used  to  derive 
calculated  velocity  values  that  were  then  fitted  to  the  observed  Une-of-sight  velocity  with 
least-squares  minimisation.  This  produced  new  and  improved  input  parameter  values 
that,  were  subsequently  used  for  the  next,  iteration  step.  The  procedure  is  continued  until 
a level  of  ^-minimization  is  reached.  As  weights  can  also  be  assigned  to  cadi  pixel,  those 
that  were  near  or  along  the  kinematical  major  axis  are  assigned  the  highest  importance 
as  they  carry  most  of  the  information  about  the  circular  velocity  of  the  galaxy.  Similarly, 
pixels  near  the  minor  axis  were  weighted  the  least  owing  to  the  fact  that  the  observed 
velocities  are  mostly  radial.  The  determination  of  the  global  parameters  were  made  with 
the  lower  resolution  30"  data  (Figure  2-13)  to  minimize  the  inclusion  of  local  non-circular 
perturbations  near  the  arms  and  the  bar  region. 

The  kinematical  center  (*e,Vo)  «*  the  firel  urm  detmBined-  Thc  initilU  ValuC  °f 
the  center  from  the  NASA/IPAC  Extragalactic  Database  (NED5).  Thc  initial  systemic 
velocity,  position  angle  and  inclination  values,  taken  from  Rozas  et  al.  (2000b)  were 
1006.8  km  s'1 , -10°.  and  53°.  These  three  values  were  held  fixed  during  this  stage.  It 
was  found  that  the  fitted  values  was  effected  by  structures  within  the  disk  and  hence  the 

5 NED  is  operated  by  the  Jet  Propulsion  Laboratory,  California  Institute  of  Technol- 
ogy, under  contract  with  the  National  Aeronautics  and  Space  Administration. 


solutions  did  not  converge.  The  centers  of  the  annuli  drifted  randomly  north,  uorthwest 
and  southwest  of  the  NED  center  at  different  radii.  Thus,  no  accurate  determination 
could  be  made  from  the  annuli  fit.  Although  dynamical  centers  of  galaxies  have  been 
found  not  to  coincide  with  their  optical  counterparts  (e.  g.,  Knapeu  1997:  Ryder  et 
al.  1996),  it  is  also  not  uncommon  to  assign  both  centers  the  same  values  (Moore  fc 
Gottcsntan  1998;  Weiner  et  al.  2001). 

The  second  parameter  solved  was  the  systemic  velocity  of  the  galaxy.  This  was  done 
by  keeping  the  dynamical  center  and  inclination  constant  while  using  ROTCUR.  Owing  to 
the  large  formal  errors  (up  to  4.6  km  s'1 ) for  the  inner  ring  solutions  and  near  steady 
values  of  V,,,  in  the  middle  region  of  the  galaxy  (between  180"  < r < 420"),  The 
adopted  heliocentric  velocity  for  the  galaxy,  based  on  21-cm  observations,  is  the  (error) 
weighted  mean  value  of  1005.2  ± 0.1  km  s'1 . This  value  is  in  agreement  with  the  global 
profile  determination  of  1006.5  km.'1,  the  1006.7  km  s"1  and  1008  km  s’1  results  bom 
Rosas  et  al.  2000a  and  Ball  (1986)  respectively.  Gottesinan  (1982)  found  V„„,  = 1024 
km  s_l  for  the  galaxy. 

To  find  the  position  angle  and  inclination  of  the  galaxy,  the  region  between  1.1  - 23 
kpc  was  used  as  the  solutions  remained  stable  and  varied  the  least  within  this  neighbor- 
hood. The  individual  ring  fits  for  each  parameter  arc  shown  in  Figure  2-14.  Starting  with 
the  0 = -10"  (Rosas  et  al.  2000b)  and  holding  (io,!«i).  “d  V,„  constant,  the  position 
angles  of  the  rings  fitted  to  produce  the  weighted  moan  value  of  -9.8°  ± 0.8". 

Likewise,  at  radii  beyond  13  kpc.  the  ring  solutions  for . stabilised  and  did  not  vary 


by  more  than  2°  from  one  another.  The  average  value  of  i,  as  determined  from  annuli 
fitted  to  both  halves  of  the  galaxy,  is  52°.  This  is  the  same  value  as  found  by  Broeils  & 
van  Woorden  (1994)  and  ono  degree  more  thau  the  value  found  by  Gottesman  (1982) 
who  used  the  NRAO’s  three-element  interferometer  and  Ball  (1986)  who  used  21-cm 
observations  from  the  Very  Large  Array  telescope.  Rosas  et  al.  (2000b)  found  i = 53° 


based  on  their  Ho  kinematical  study  of  the  galaxy. 

Moore  & Gottesman  (1995)  and  Weiner  (2001)  have  pointed  out  that  inclination 
angles  will  typically  increase  in  areas  with  considerable  streaming  motions.  This  is  aLso 
the  case  for  NGC  3359.  The  highest  value  for  i coincides  with  the  outer  eastern  spiral 


Figure  2-14:  Individual  ring  fils  lo  the  position  angle  and  inclination  angles  of  the 
galaxy,  using  the  30"  first  moment  map,  Error  bars  denote  the  formal  errors  from  the 
least-squares  fit. 

arm  where  the  streaming  motions  are  strong.  The  isovcls  within  tins  area  are  the  most 
disturbed  for  any  of  the  arms  of  the  galaxy.  However,  since  the  effect  is  localised  and  the 
fit  is  steady  at  larger  distances,  the  final  result  oft  = 52  ±2"  has  been  selected  as  the  best 
inclination  value  for  NGC  3351). 

2.4,3  Rotation  Curve 

The  rotation  curve  of  the  galaxy  was  determined  by  using  the  previously  derived 
hinematical  properties  and  both  the  15”  and  30"  velocity  fields.  The  higher  resolution 
map  will  mitigate  the  effect  of  beam  smearing  in  the  central  regions  that  cause  V.  to  be 
d ■»  rated  (Teuben  2002).  But  the  lack  of  sample  points  beyond  the  main  H I disk 
of  the  galaxy  (near  r = 13.3  kpc)  necessitated  the  use  0r  the  lower  resolution  data,  in 
that  more  signal  (and  hence  sample  points)  is  detected  in  the  interarm  region  than  the 
15"  data.  The  rotation  curve  of  the  whole  galaxy,  obtained  from  combining  both  sets  of 
data,  is  shown  in  Figure  2-15.  The  circular  velocities  for  the  approaching  and  receding 
sides  were  also  estimated  and  are  plotted  in  the  same  figure.  The  radial  extent  of  the 
graph  is  7125  (23.2  kpc),  Beyond  this  radius,  the  lack  of  sample  points  led  to  velocity 
estimates  with  extremely  large  and  unacceptable  errors. 

Overall,  both  sides  of  the  galaxy  appear  to  be  rotating  with  similar  speed  as  a 
function  or  radius.  The  exceptions  are  the  bar  region  (whore  strong  elliptical  gas  motions 
make  the  estimates  for  Vc  difficult  to  determine)  and  in  the  area  between  ~ 6.5  - 10  kpc. 
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Figure  2-15:  The  rotation  curve  of  NGC  3350  for  both  sides  (solid  line)  as  well  as  the 
30"  data  was  used  to  construct  the  final  10  kpc  of  the  diagram. 


Owing  to  this  symmetry,  it  can  be  inferred  that  the  kiuematical  center  must  be  close  to 
analysis. 

halves  can  be  attributed  to  the  spiral  arms  within  the  disk.  The  annuli  used  to  fit  the 
at  the  outer  edge  of  the  southern  arm  where  streaming  motions  add  to  the  rotation  curve 
two  sides  for  the  whole  galaxy  is  less  than  3 km  s-1 . 

body  rotation  that  rises  steeply  at  a rate  of  144  ± C km  s-'  arcmiir1  (45  kins'1  kpc-1). 
Previous  measurements  made  by  Ball  (11186)  and  Rozas  el  al,  (2000b)  at  similar  radii 

maximum  of  the  rotation  curve  (~  140  km  s-1  at  4 kpc)  occurs  just  slightly  beyond  the 


eud  of  the  pseudo-ring  region  and  continues  outward  just  short  of  the  edge  of  the  H I disk, 
thereby  encompassing  tite  two  inner  (optical-gas)  arms  of  the  system. 

The  most  striking  aspects  of  the  rotation  curve  are  its  two  peaks.  The  second  peak 
of  the  curve  is  the  true  maximum  rotational  velocity  of  the  galaxy  (Figure  2-15).  It 
occurs  just  slightly  before  the  edge  of  the  main  H I disk  at  — 12.8  kpc  (240"  ) and  has 
a value  Vmar  = 158  km  s^1 . After  this  point,  the  rotation  curve  begins  a long  and 
slow  decline  for  about  8.5  kpc  (nearly  two-thirds  of  the  gas  disk)  until  the  last  point  is 
reached.  The  rate  of  change  is  -2.0  i 0.1  km  s'1  kpc-1.  This  is  above  the  Keplerian 
drop-off  in  velocity  at  large  radii  that  is  expected  for  a system  Mint  has  its  total  mass 
confined  within  the  observed  maximum  radius.  As  in  many  rotation  curves  of  other  disk 
galaxies  (Rubin  et  al.  1985),  the  slow  decline  is  typically  conjectured  to  be  caused  by  the 

Tb  analyse  and  locate  the  non-circular  components  of  the  observed  velocity,  a 
shows  the  residual  velocity  Bold  from  the  subtraction  of  the  model  from  the  observed 
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velocity  field.  The  area  encircled  by  the  two  red  ellipses  correspond  to  the  region  between 
the  two  velocity  peaks  or  the  rotation  curve.  Within  the  annulus,  large  noil-circular 
motions  with  (projected)  values  of  40  km  s-‘  are  noticeable.  In  the  plane  of  the  galaxy, 
this  translates  to  non-circular  motions  in  excess  of  50  km  s-‘  and  are  sufficiently  large 
enough  to  produce  the  odd  depression  in  the  rotation  curve  at  6,8  kpc.  Honce,  the 
velocity  minimum  is  caused  by  the  the  optical-gas  arms  of  the  main  disk  and  is  not  a 
phen  i ion  associated  with  circular  motions.  Rotation  curves  of  other  galaxies  are 
knowu  to  have  two  velocity  peaks  (Kent  1987).  but  such  occurrences  are  not  common. 
Clearly,  this  shows  that  NGC  3359  possesses  strong  spiral  arms. 

The  total  dynamical  mass  is  another  physical  property  of  the  galaxy  that  can  be 
determined  with  tho  aid  of  the  rotation  curve  and  also  the  equation 

(Giovauelli  fc  Haynes  1988).  For  NGC  3359,  the  total  mass  interior  to  the  last  measured 
point  of  the  rotation  curve,  at  R = 23.2  kpc  and  V = 135.4  kms  *,  is  9.9  x 10  M©. 
The  models  of  Generalized  Mestel,  n = 1 Toomrc,  and  exponential  disks  of  Ball  (1986) 
approximated  the  total  mass  values  of  1.12,  1.30.  and  1.19  x 10»  M©  respectively.  The 
calculated  MT,  along  with  the  rest  of  the  results  found  in  this  section  are  given  in  TSible 
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Figure  2-17:  The  velocity  dispersion  map  of  NGC  3359  and  its  satellite.  Contour  lines 
are  from  5 to  40  km  s'1  "in  5 km  s’1  steps.  The  15"  beam  is  plotted  at  the  upper  right 
corner  of  the  diagram. 


2.4.4  Velocity  Dispersion  Map 


The  second  moment  map  of  the  galaxy  is  displayed  in  Figure  2-17. 
measure  of  the  runs,  value  of  the  velocity  of  each  pixel  (a.  6)  and  c 


This  moment 
tan  be  expressed 


formuhucally  as 

../(n-tMr)  »■“> 

where  i is  the  velocity  channel  and  V is  the  temperature-weighted  mean  velocity  (Equa- 
tion 2.3).  Large  velocity  dispersions  occur  in  areas  where  emission  exists  for  an  extended 
number  of  channels.  In  areas  where  a is  between  15  - 20km  s'1,  emission  can  bo 
detected  in  8 - 11  successive  channels.  Approximately  11-13  chauncls  contribute  to  the 
two  highest  peaks  near  the  center.  One  reason  why  the  central  region  has  the  highest 
average  dispersions  is  due  to  the  steep  velocity  gradient  of  the  rotation  curve  being 
smeared  out  by  the  beam  (Laine  1996;  Moore  fc  Gottesman  1995).  As  the  curve  Bat- 
tens at  larger  distances  from  the  center,  the  effect  of  beam  smearing  is  lessened  and 


subsequently  so  docs  <7.  For  NGC  3359,  the  average  value  decreases  to  5 - 10  km  s 1 
beyond  the  radius  of  1 1 kpc.  These  values  are  common  for  spiral  galaxies.  The  overall 
observed  r.ms.  velocity  that  is  present  in  the  figure  also  includes  other  line-broadening 
mechanisms  such  as  instrumental  width,  thermal  broadening,  and  natural  linewidth.  In 
addition,  the  dispersions  may  not  be  confined  within  the  disk  but  also  include  vertical 
motions  whose  values  typically  do  not  exceed  10  kill  s',  .as  seen  in  face-on  galaxies 
(Larne  1996;  Lewis  1984). 

There  also  appears  to  be  a correlation  between  areas  of  high  dispersion  and  the 
d str  b it  0 f mixed  hydrogen  gas  of  the  galaxy.  There  are  strong  H II  regions  that 
appear  to  be  associated  with  places  where  H I emission  is  continuous  for  many  channels 
(Chapter  3).  This  is  especially  true  for  the  two  peaks  of  Figure  2-17  as  they  coincide  with 
two  of  the  strongest  H II  regions  that  arc  strung  out  along  the  Ho  bar  or  the  galaxy. 

2.4.5  Position-Velocity  Diagrams 

As  mentioned  earlier,  a plot  of  a slice  through  the  data  cube  parallel  to  the  velocity 
axis  is  known  as  a position-velocity  (PV)  diagram.  This  powerful  tool  is  typically  used 
to  inspect  the  gas  motions  within  the  plane  of  the  galaxy  and  has  the  potential  to  trace 
the  oul-of-plaoe  motions  or  structures  that  cannot  be  inferred  from  the  two-dimensional 
velocity  field  under  normal  circumstances. 

Figure  2- ISA  shows  a PV  plot  made  from  taking  a slice  along  the  major  axis  of  the 
galaxy  at  the  position  angle  = -10°.  The  contours  trace  out  the  rotation  curve  of  the 
galaxy  that  is  marked  by  the  filled  circles.  The  part  of  the  gas  ring  that  lies  on  the  major 
axis  distinguishes  itself  as  peaks  near  65"  on  cither  side  or  the  center.  The  3 a contour 
lines  of  the  main  disk  extend  out  further  in  the  southeast  region  by  about  1.3  kpc  than 
the  northwest  side.  This  slight  overdensity  also  manifests  itself  as  the  small  additional 
flux  density  of  the  left  peak  of  the  global  profile.  Patches  of  gas  of  the  same  intensity 
further  lengthen  the  southeast  side  to  about  18  kpc  while  in  the  northwest,  the  one  region 
of  equal  intensity  is  situated  at  approximately  19.2  kpc  from  the  center.  The  location  of 


this  solitary  region  (labeled  by  the  letter  o)  coincides  with  the  northern  extension  of  the 
eastern  arm.  The  gas  is  more  extended  in  the  southern  port  of  the  galaxy  in  general. 

Of  more  interest  is  the  minor  axis  slice  (Figure  2-18C)  taken  at  the  position  angle 
of  80°.  From  Equation  2.9,  it  is  apparent  that  only  radial  and  out-of-plane  terms  of 
the  velocity  will  show  up  along  the  minor  axis.  If  these  motions  ate  absent,  only  the 
systemic  velocity  will  be  present.  The  left  side  of  the  plot  shows  gas  moving  at.  lower 
velocities  than  the  expected  V,,,  that  one  would  expect  for  material  that  is  rotating 
in  a circular  fashion.  The  maximum  deviation  (point  a)  is  located  at  the  middle  of 
the  eastern  arm  and  has  a magnitude  of  30  km  s~' , as  seen  along  the  line-of-sight  (38 
kms-'  deprojected).  The  second  moment  map  shows  that  there  arc  large  velocity 
dispersions  (>  20  km  s*1 ) within  the  proximity  of  a as  well.  Near  the  center  of  the  spiral 
arm,  gas  responding  to  the  spiral  density  wave  perturbation  will  move  radially  inward 
(Rohlfs  1977).  Point  a is  an  example  of  the  gas  flowing  toward  the  center.  There  is  no 
such  effect  seen  west  of  the  nucleus.  Along  the  western  (right.)  half  of  the  galaxy,  small 
differences  between  the  gas  velocities  at  points  b and  c and  V,y,  could  be  due  to  either 
radial  motions  within  the  plane  or  to  out-of-plane  motions.  The  situation  is  unclear, 
although  the  latter  is  more  probable.  Additional  support  for  this  conjecture  is  seen  in 
Figure  2-4  that  shows  that  the  outer  western  arms  arc  not  properly  aligned  with  the  main 
disk  of  the  galaxy  (spectrally). 

It  has  recently  been  suggested  by  FVaternali  et  al.  (2001)  that  inspection  of  the  PV 
plots  for  non-edge-ou  galaxies  can  show  the  existence  of  thick  H 1 disks.  In  the  current 
scenario,  the  gas  disk  actually  consists  of  two  parts:  the  regular  cold  disk  component  and 
a surrounding  (vertically)  thick  H I layer  that  rotates  at  a slower  rate.  In  addition,  there 
is  also  an  associated  inflow  motion  from  the  outer  hydrogen  envelope  that  presents  itself 
as  features  called  ‘beards”.  These  features  can  be  seen  in  the  position-velocity  diagrams 
as  gas  extending  from  the  main  disk  toward  the  systemic  velocity.  There  appears  to  be 
beards  in  the  major  axis  slice,  near  or  at  points  d.  7,  and  S.  To  increase  the  signal-to- 
noise  ratio  for  further  examination  of  the  three  points,  an  additional  but  thicker  slice 
along  the  major  axis  was  made.  The  result,  a 15"-widc  PV  plot  (Figure  2-19),  shows 
an  additional  (possible)  beard  that  is  symmetric  with  6 some  ±50"  from  the  galactic 


Figure  2-19:  Position-velocity  plot  of  tlio  15"  -wide  slice  along  the  major  axis  of  the 

center.  The  location  of  these  two  features  coincide  with  the  gas  ring  and  the  gas  may 
be  streaming  around  the  spiral  arms  rather  than  falling  in  from  the  layer  above.  Near 
B.  there  is  no  particularly  striking  feature  that  coincides  with  the  position.  However, 
the  most  interesting  case  for  infalling  material  is  at  7.  It  can  be  seen  from  Figure  2-18A 
(or  Figure  2-2)  that  there  is  a dense  region  of  H 1 in  within  the  vicinity  of  this  point. 
More  interestingly  is  the  fact  that  a small  star  formation  region  also  exists  within  the 
area.  The  zone  is  isolated  from  the  spiral  arms  of  the  galaxy  that  could  have  induced 
its  formation.  The  velocity  range  of  this  particular  beard  extends  from  the  observed 
rotation  curve  of  — 130  km  s_I  down  to  approximately  15  km  s-1 , Owing  to  this  fact,  it 
is  possible  that  what  we  are  seeing  is  a gas  complex  similar  to  the  intermediate- velocity 
clouds  (IVCs)  that  are  observed  in  the  Galaxy.  It  may  also  be  possible  that  some  of 
the  totalling  material  has  caused  stars  to  form  in  the  area  through  cloud-disk  collision. 
Tbnorio-Thgle  (1981)  has  shown  that  an  1VC  colliding  with  a high  density  area  releases 
an  energy  of  approximately  10l:  to  10“  ergs  that  is  sufficient  to  instigate  the  formation 
of  giant  H 11  regions.  However,  the  contour  that  outline  the  boards  is  at  the  la  level  so 
their  actual  existence  are  circumstantial  but  tantalizing. 


Figure  2-20:  A)  Surface  density  contour  lines  of  the  satellite  galaxy  plotted  the 
30"  grayscale  image.  Contour  levels,  from  the  15"  data,  are  at  1.3,  2.5,  4.2,  and  6.2 
Mo  pc~2.  The  B)  Global  profile  of  the  satellite. 


2.5  Satellite  Galaxy  of  NGC  3359 

Located  toward  the  southwest  of  NGC  3359  is  the  satellite  galaxy  that  Ball  (1986) 
discovered.  The  companion  can  first  be  seen  in  four  channels  of  the  data  cube  (velocity 
range  945.3  - 970.2  km  s~' ) in  Figure  2-1  and  most  conspicuously  in  the  moment  maps. 

Recent  literature  and  catalog  searches  for  the  object  have  yielded  little  information 
on  it.  Emission  in  other  wavelengths  by  the  gas  cloud  is  extremely  deficient  although 


Survey  (DSS)  shows  a very  faint  structure.  However,  a single  pixel  peak  signal  is  no 
more  than  1.5  times  the  background  sky  value  and  extremely  difficult  to  see.  A similar 
search  was  performed  on  the  red  DSS  image  and  although  several  pixels  were  marginally 
brighter  than  the  sky  region,  the  object  is  so  ill-defined  that  no  definitive  detection 
can  be  concluded.  A search  around  the  area  with  NED,  which  usually  reports  recent 
published  results  electronically,  yielded  no  findings. 

The  left  diagram  of  Figure  2-20  is  the  surface  density  map  of  the  galaxy  at 
30"  resolution  with  the  contour  lines  from  the  high  resolution  data.  The  contours 
show  that  the  core  of  the  cloud  appeals  to  be  elliptical  in  shape.  The  maximum  column 
density,  n«  = 1.0  x 10s'  atoms  cm-5  , is  located  around  the  galactic  center.  Based  on  a 
two-dimensional  (2-D)  Gaussian  fit  made  at  1.5  x 10M  atoms  cm"2  (3tr-level),  the  pro- 
jected major  and  minor  axes  of  the  core  are  2.8  kpc  and  1.4  kpc  respectively.  The  center 
of  the  Gaussian  ellipse  is  located  at  the  (B1950)  coordinate  RA  = 10h41m2K6  and  Doc  = 


+63°21'  51'.'7.  This  position  coincides  with  Ball  (1986)  who  found  RA  = 10h41m25?6  and 
Dec  = +G3°21(9.  The  distance  between  this  point  and  the  ccuter  of  NGC  3359  is  47  kpc, 
assuming  that  both  objects  are  at  equal  distances  from  us. 

The  atomic  hydrogen  mass  withiu  the  core  is  1-5  x 107  M©.  The  30M  zeroth  moment 
image  shows  a tail  structure  extending  out  for  ~ 8.0  kpc  and  pointing  in  the  direction 
of  NGC  3359.  The  total  neutral  hydrogen  mass  of  the  H I complex,  after  integrating  the 
column  density  over  regions  (the  left  panel  of  Figure  2-20)  with  values  of  3tr  and  higher, 
is  5.9  x 107  M0. 

The  velocity  field  of  the  gas  cloud  is  a juxtaposition  of  random  motions  and  although 
no  orderly  motion  can  be  traced  out  with  certainty,  there  does  appear  to  be  a slight  hint 
of  rotation  such  that  the  receding  side  of  the  satellite  is  situated  in  the  north.  The  small 
velocity  gradient  that  may  exist  is  in  the  range  of  approximately  10  - 20  km  s'1  and  so 
the  object  may  be  slowly  rotating. 

The  global  profile  of  the  satellite  galaxy  from  the  full  resolution  data  is  shown  in  the 
right  plot  of  Figure  2-20.  By  fitting  a Gaussian  to  the  curve,  an  estimate  of  the  object’s 
dynamical  mass  can  be  found  by  using  the  equation 

M = r&„R/G  (214) 

where  H'jo  is  the  20%  half-width  of  the  fitted  Gaussian  profile  and  R is  the  radius.  The 
mean  of  the  fit  is  955.8  km  s*1  and  the  full  width  at  20%  is  20.2  ± 1.3  km  s'1.  The 
velocity  has  been  corrected  for  instrumental  broadening  and  inclination  effects  estimated 
from  the  axial  ratio.  Using  R = 1.4  kpc  as  the  upper  limit  value,  the  total  mass  of  the 
companion  galaxy  is  calculated  to  be  about  1.3  x 10*  M©  or  2.4%  of  the  Hi  content  of 
NGC  3359. 

The  dispersion  of  the  Gaussian  fit  iB  10.0  ± 0.3  km  s' 1 that  is  the  typical  velocity 
dispersion  seen  in  disk  galaxies  (Tully  & Fouqud  1985).  Hence,  it  is  possible  that  the 
observed  global  profile  may  not  be  indicative  of  ordered  motions  within  the  satellite.  If 
the  system  is  assumed  to  have  a circular  disk,  its  inclination  must  be  close  to  60",  based 
on  the  determined  major  and  minor  axes  of  the  core.  In  order  for  the  velocity  dispersion 
to  agree  with  the  observed  profile,  the  object  would  need  to  be  inclined  at  less  than  30° 


from  the  line-of-sight.  Therefore,  the  estimates  total  mass  from  Equation  2.14  gives  the 
upper  hound  for  the  total  mass  of  the  satellite  while  the  lower  bourn!  can  be  constrained 
by  the  H I mass  determined  from  the  core  sine. 


To  summarise  this  section,  I conclude  that  the  H 1 distribution  within  the  galaxy  is 
quite  symmetric  on  the  global  scale  although  there  is  slightly  more  gas  in  the  southern 
edge  of  the  main  disk.  This  extra  material  is  reflected  in  left  peak  of  the  2!-cm  line 
profile  of  the  galaxy  being  slightly  higher  than  the  right  fay  ~ 30  ni.ly.  The  nature  of 
the  H I gas  is  clumpy  in  nature,  some  of  the  features  are  smaller  than  the  full  resolution 
beam  size  of  0.8  x 0.8  kpc!.  This  is  not  unexpected  as  most  of  this  particular  species  of 
hydrogeu  tend  to  reside  in  cloud  complexes..  The  densest  regions  observed  are  within  the 
optical-spiral  arms  that  form  a pseudo-ring  at  around  3.2  kpc  from  the  galactic  center. 
The  stellar  bar  region  contains  little  atomic  hydrogen  gas  due  to  the  rotation  of  the  bar 
sweeping  the  gas  in  toward  the  center.  The  outer  arms  are  composed  of  neutral  atomic 
hydrogen  only. 

The  last  vestige  of  integrated  H I density  resides  in  the  western  arm,  some  525"  away 
from  the  center.  In  the  radial  profile,  this  last  remnant  has  a column  density  value  of 
approximately  1 x 11115  atoms  cm-5  where,  coincidentally,  is  the  characteristic  cut-off 
value  for  the  galaxies  observed  by  van  Gorkem  (1993).  The  total  extent  of  the  Hi  content 
is  more  than  twice  of  Rjs.  The  total  H I mass  of  the  galaxy,  based  on  the  projected 
30"  surface  density  map,  is  5.0  x 109  Me.  The  total  dynamical,  determined  from  the  last 
point  of  the  rotation  curve,  is  9.9  X 10,fl. 

The  global  kinematical  properties  of  the  galaxy,  summarized  in  Table  2,  were  used 
to  derive  the  rotation  curve  of  the  galaxy  that  show  two  apparent  maximum  circular 
velocities.  The  first  occurs  at  ~ 4 kpc  from  the  center  and  is  15%  smaller  than  the 
observed  maximum  (158  km  s~' ) at  the  radius  of  12.4  kpc.  The  extent  of  the  rotation 
curve  extends  out  to  end  of  the  northern  gas  arm.  Its  shape  is  smoothly  varying  with  no 
truncation  signature.  Hence  the  mass  distribution  in  the  outer  disk  exists  beyond  what  is 


The  large  non-circular  velocity  residuals  (maximum  50  km  s-1  in  the  disk  plane) 
from  Figure  2-16  confirm  that  both  the  bar  and  density  waves  of  the  galaxy  are  the  main 
perturbers  of  the  gas  motions  and  induce  the  double  peaks  scon  in  the  rotation  curve. 
How  much  of  this  disturbance  is  contributed  to  the  bar  can  be  inferred  from  numerical 
simulations  of  gas  response  to  the  underlying  (bar)  potential  of  the  galaxy.  Such  models 
have  been  constructed  in  an  effort  to  match  the  irregularities  that  are  observed  ill  the 
velocity  fields  of  the  cold  atomic  neutral  hydrogen  as  well  as  the  ionised  hydrogen  gas. 


CHAPTER  3 

OBSERVATIONS  OF  IONIZED  NEUTRAL  HYDROCEN 


3.1  Introduction 

In  this  chapter,  the  optical  ami  near-infrared  (NIR)  observations  of  NGC  3359 
will  be  used  to  analyze  the  stellar  component  of  the  galaxy,  in  order  to  gain  a deeper 
understanding  NGC  3359  as  a complete  dynamical  system.  The  discussion  of  the  H I gas 
distribution  and  kinematics  from  last  chapter  can  be  used  to  understand  of  how  the 
contents  of  the  galaxy  react  to  the  underlying  gravitational  potential.  However,  as  gas 
is  naturally  dissipative,  its  response  to  the  potential  will  invariably  differ  from  that  of 
stars  under  certain  circumstances  (e,g-,  at  resonances).  Consequently,  stellar  distribution 
and  kinematics  merit  a separate  study  from  the  gaseous  component.  The  analysis  of 
the  stellar  kinematics  will  be  deferred  to  Chapter  4 as  multiple  long-slit  spectroscopy 
for  the  galaxy  is  not  available.  Such  observations  are  greatly  limited  by  three  factors: 
the  weak  stellar  absorption  lines,  the  need  to  use  high  spectral  resolution  to  obtain 


inherently  low  surface  brightness  or  galaxies.  Therefore,  an  indirect  theoretical  study 
of  stellar  orbits  will  be  used  instead  to  probe  the  kinematics  of  the  stars  within  NGC 
3359.  However,  recent  developments  of  Integral  Field  Spectrograph  instruments  such  as 
SAURON  (Bacon  ct  al.  2001)  offer  near-future  hope  for  acquiring  high-spatial  resolution 
stellar  spectrograms  of  galaxies  in  a relatively  short  observing  time. 

The  goal  of  this  chapter  is,  then,  to  analyst'  tho  stars  and  H II  gas  of  the  galaxy. 
Assessing  the  optical  mid  NIR  broadband  images  immediately  reveals  one  advantage 
in  comparison  to  the  radio  data,  spatial  resolution.  For  NGC  3359,  this  factor  is  about 
one  order  of  magnitude  and  so  the  images,  especially  within  the  central  region  of  the 
galaxy,  can  be  studied  in  great  detail.  Some  general  but  important  subjects  such  as  (a) 
the  identification  and  analysis  of  the  the  structural  components  of  the  galaxy;  (b)  the 
distribution  of  the  stellar  population  as  well  as  star  formation;  (c)  the  role  of  dust  lanes; 


Figure  3-1:  Three-color  picture  of  NGC  3359.  The  image  was  made  by  combining  to- 
gether the  U.  R,  and  I images  taken  by  the  Isaac  Newton  Telescope. 

and  (d)  the  check  for  consistcncy/similarity  between  the  photometric  and  kinematic 
properties  (derived  from  Hi)  are  resolved  by  this  investigation. 

The  outline  of  this  chapter  is  as  follows:  in  Section  2 the  optical  and  NIR  data  are 
presented.  The  morphology  of  the  galaxy,  based  on  the  data,  is  also  discussed.  Section 
3 presents  and  discusses  the  color  indices  of  the  galaxy.  The  photometric  properties 
for  each  filter  are  obtained  iu  Section  4.  For  Section  5,  the  Fhbry-Perot  interferometry 
observations  of  the  H II  regions  within  NGC  3359  are  presented  and  investigated.  Finally, 
the  findings  of  this  chapter  arc  summarized  in  Section  li. 

3.2  The  Broadband  Data 

All  but  one  of  the  broadband  images  presented  in  this  chapter  were  obtained  from 
the  Institute  de  Astrofisicn  de  Canarias  (IAC),  Canary  Islands,  Spain.  They  have  been 
generously  provided  by  Dr.  John  Beckman  or  the  Institute.  The  Spanish  data  consist 
of  the  U-,  R-,  and  l-band  images  plus  observations  of  the  galactic  H It  regions  centered 
around  the  Ho  Balmer  emission-line.  The  Ho  observations  include  a broadband  image 
and  the  Fabry-Perot  interferometer  data  cube.  The  latter  will  lie  used  primarily  as  a 


'fable  3-1:  Observing  log  for  the  optical  and  NIR  data  of_NGC_3359 

Timnent  T„|i|  Date  Observers 

“U  PF-TEK3  180(1  02/13/96  Prieto,  Gottesmau,  k Beckman 

R PF-TEK3  18011  02/12/96  Prieto,  Gottesmau,  Beckman,  & Louronso 

I PF-TEK3  1800  02/12/96  Prieto,  Gottesmau,  Beckman  & Louronso 

Ho  PF-TEK3  1800  02/11/96  Cepa,  Prieto,  Gottesman,  Beckman  & Lourcnso 

Ho  TAURUS  1800  03/31/96  Rozas  & Sempcre 

K FLAMINGOS  35 03/26/03  McKenzie,  Ferreira,  fe  Rnshkind 

diagnostic  tool  to  investigate  the  kinematics  of  the  ionised  hydrogen  gas  around  star 
formation  and  high  compression/shock  areas.  The  discussion  or  these  data  and  results, 
as  mentioned,  will  be  given  in  Section  6.  Two  full  nights  of  observations  were  required 
to  obtain  the  data  at  the  Isaac  Newton  Telescope  (INT)  in  February,  1996.  The  images 
were  acquired  as  part  of  the  BARS  international  time  project  of  the  Canary  Island 
Observatories.  The  only  image  of  NGC  3359  not  originating  tarn  the  IAC  was  taken  this 
year  at  the  Kitt  Peak  National  Observatory  (KPNO)  in  Arizona.  The  Biters,  instrument, 
exposure  times  (Tap),  exact  dates,  and  observers  involved  in  the  data  acquisition  process 
arc  listed  in  fable  3-1. 

3.2.1  Stellar  Images 

Figures  3-2  to  3-4  show  the  U (360  nm),  R (659  nm).  and  I (840  nm)  images  of  NGC 
3359  respectively.  As  these  images  were  pre-processed  and  calibrated  at  the  IAC  and 
have  been  thoroughly  described  in  Rozas  ct  al.  (2000,  hereafter  RZB),  only  a general 
overview  of  the  reduction  procedure  will  be  given  here.  The  final  images  that  are  shown 
were  processed  through  standard  data  redaction  routines  for  optical  images:  the  raw  data 
were  first  bias  and  sky  subtracted,  then  corrected  for  fiat-field  and  cosmic  ray  effects. 

Standard  stars  of  known  magnitudes  were  used  for  the  flux  calibration.  Astrometry  was 
performed  by  fitting  two-dimensional  Gaussian  to  field  stars  common  to  every  image.  A 
positional  accuracy  or  better  than  0.5"  was  achieved.  The  pixel  scales  of  the  three  images 
are  the  same:  0.59"  per  pixel.  Similarly,  the  field  of  view  for  each  image  is  roughly  a 


Figure  3-2:  U-band  grayscale  and  contour  maps  of  the  disk  of  the  galaxy.  A)  Contours 
are  from  19.1  to  23.5  in  steps  of  0.4  mag  arcsec-2.  B)  The  U-band  image  of  NGC  3359. 
The  range  of  magnitude  values  shown  is  from  19  to  25  mag  arcsec-2. 


Figure  3-3:  R-band  grayscale  and  contour  maps  of  the  disk  of  the  galaxy.  A)  Contours 
are  from  18.5  to  22.5  in  steps  of  0.4  lung  uresis  " ’ B)  The  R-band  image  of  NGC  3359. 


Figure  3~4:  I-band  grayscale  and  contour  maps  of  the  disk  of  the  galaxy.  A)  Contours 
are  from  18.2  to  22.2  in  steps  of  0.4  mag  arcsec-2.  B)  The  l-band  image  of  NGC  3350. 
The  range  of  magnitude  values  shown  is  from  IS  to  25  mag  arcsec-2. 


Figure  3-5:  K-band  grayscale  and  contour  maps  of  the  disk  of  the  galaxy.  A)  Contours 
are  from  15.2  to  18.8  in  steps  of  0.4  mag  nrcsec-'.  !i)  The  K-band  image  of  NGC  3359. 


Observations  of  the  galaxy  at  2.2  pm  wavelength  using  a K-filter  were  taken  by  the 
Florida  Multi-object  Imaging  Near-IR  Grtsin  Observational  Spectrometer  (FLAMINGOS) 
at  the  2-1-meter  telescope  located  at  KPNO  in  imaging  mode.  Observing  time  the  galaxy 
was  generously  provided  by  Drs.  R.  Elston  and  E.  Lada-  The  primary  detector  of  the 
instrument  is  a CCD  camera  that  images  the  focal  plane  onto  a 2,000  x 2,000  pixel 
HgCdTe  detector.  The  data  obtained  is  typically  reduced  by  the  FLAMINGOS  reduction 

Due  to  the  large  amounts  of  information  that  are  acquired  each  night  by  tht 
such  an  automated  process  is  warranted. 

For  NGC  3359,  a set  of  22  dithered  images,  each  of  35-second  exposure  time 

crunchf  lamingos  of  the  pipeline  was  used  to  correct  for 
remove  the  dark  current  as  well  as  the  sky  noise  contribu 
reduced  image,  produced  by  the  script  smoothf  lamingos 
the  bad  pixels  removed  and  contains  geometrical  distortio 
astrometry  of  the  image  are  obtained  by  using  the  package  PINKPACK.  The  guide  stars 
used  to  perforin  both  tasks  were  obtained  from  the  2MASS  catalog.  Figure  3-5  shows 
the  final,  reduced  K image  from  the  pipeline.  The  pixel  scale  and  field  of  view  is  0.3"  | 


from  the  image.  The  initial 
i resampled  map  that  has  all 
i correction.  Photometry  and 


(PSF)  is  2.9"  and  the  precision  of  the  astrometry  is  better  than  0.2"  . 


Numerous  blue  regions  seen  through  the  U filter  highlight  the  star  formation  (SF) 
areas  that  populate  the  galactic  bar  and  spiral  arms.  Only  a certain  number  of  intense 

and  cooler  stars  that  populate  the  entire  galaxy.  The  asymmetric  spiral  arms  contain 

brighter  than  than  its  counterpart.  The  eastern  arm  breaks  into  the  arms  spurs  shortly 
after  it  has  passed  the  kinematics!  minor  axis  of  the  galaxy  (PA  = 81°).  The  presence  of 

(1985).  Within  the  bar  there  appears  to  be  a core  that  is  veiled  by  dust.  This  makes  a 
definitive  visual  identification  difficult  even  at  the  NIR  wavelengths.  Isophotal  analysis  of 

the  centers  of  galaxies. 

structure  is  about  86"  in  the  plane  of  the  sky  or  ~ 100"  (5.4  kpc)  deprojected.  This 
odd  Fourier  components  of  the  light  distribution  with  a local  peak  of  their  B-I  profile, 
of  the  bar  is  12°.  A closer  inspection  of  the  isopholcs  in  the  U and  I images  reveals  a 


21.9  mag  arcsec~!  contours  and  the  R-band  20.9  and  21.3  mag  arcsec~s  contours  extend 
pattern  with  respect  to  the  center  of  the  potential.  Being  much  less  affect  by  dust,  it  can 


Figure  3-6,  like  Figure  3-1,  is  a combined  three-color  image  of  the  U,  R,  and  I data. 

d s I on  and  location  of  dust  between  the  southern  and  northern  halves  of  the  bar 
are  different.  The  features  are  somewhat  easier  to  identify  in  the  south.  Two  dust  lanes 

connect  with  each  other  near  the  middle  of  the  galaxy.  A pair  of  short  dust  lanes  appears 
to  originate  from  the  connecting  point  and  run  through  the  western  side  of  the  galactic 

isophotes  from  tile  area  have  a tear-shaped  pattern  (Figures  3-2  to  3-4).  Toward  the 
northern  part  of  the  bar.  dust  is  not  as  conspicuous  although  large  filaments  exist  near 
the  northwestern  end.  The  existence  of  the  interstellar  grains  at  the  ends  of  the  bar  is 
probably  related  to  the  orbital  structure  of  the  gas  streamline  within  the  vicinity.  The 

3.2.2  H II  Observations 

The  uon-stellar  broadband  image  of  NGC  3359  was  observed  in  the  Balmer  Ha-line. 
The  emission  line  originates  from  ionized  atomic  hydrogen  (H II ) regions  around  hot 
stars,  typically  of  classes  O and  B on  the  Hertzsprung-Russell  diagram.  Within  this 
volume  (the  Stromgrcn  sphere),  the  hydrogen  gas  is  heated  up  by  ultraviolet  radiation  to 
temperatures  around  7,000  K to  14,000  K.  The  observed  Balmer  lines  are  produced  by 

Observations  of  the  Ho  line  from  the  galaxy  were  obtained  on  February  12,  1996 
under  photometric  conditions  using  the  TeK-7  CCD  detector  with  an  exposure  time  of 
1,800  seconds.  The  filters  were  centered  around  the  659.6  and  668.6  urn  respectively. 

The  displacement  of  the  second  filter  and  the  bandpass  of  each  filter  (4.4  an)  allowed  for 
accurate  removal  of  the  continuum  field.  Similar  standard  reduction  routines  (Rozas  ot 
al.  1996:  RZB)  like  those  used  for  the  U,  R,  and  I images  were  used.  Only  the  continuum 
subtraction  process,  performed  before  the  astrometry  stage,  separates  the  two  reduction 
procedures.  The  final,  reduced  image  lias  a pixel  scale  of  0.59"  per  pixel  and  a field 


of  view  near  10'  x 10'  in  sine.  The  resolution  of  the  images  is  1"  , based  on  the  PSF 

Galactic  emission  in  Ha  for  many  galaxies  have  been  investigated  by  the  LAC  group 
headed  by  Dr.  J.  E.  Beckman.  In  RZB,  the  Ha  photometric  properties  of  NGC  3359 
were  studied  in  detail.  In  the  paper,  they  reported  the  Ha  scale  length  to  be  2.3  d:  0.2 
kpc  or  about  75%  of  the  H I scale  length.  In  addition,  they  constructed  the  H II  region 
catalog  of  NGC  3359  in  that  the  positions  and  luminosities  of  individual  SF  regions 
were  determined.  The  ten  brightest  from  the  catalog  are  emphasized  in  Figure  3-7A. 

The  graph  also  reveals  that  the  bar  contains  three  of  the  moBt  intense  H II  regions  of  the 

The  final,  continuum-free  Ha  image  of  NGC  3359  (Figure  3-7)  demonstrates  that 
the  distribution  of  the  SF  regions  can  be  divided  into  the  two  zones:  the  bar,  and 
the  spiral  arms.  The  bar,  estimated  to  be  2.9'  (9  kpc)  in  deprojectod  length  (RZB), 
contributes  approximately  17%  of  the  total  observed  flint  (Martin  & Roy  1995).  Although 
there  appears  to  be  no  nuclear  activity  present,  the  center  is  surrounded  by  several 
bright  H II  regions  to  the  northeast  aud  southwest  of  the  bar.  In  the  galactic  disk,  the 
H II  tegions  are  distributed  along  the  northern  arm  spurs  as  well  as  the  southern  arm. 
Closer  to  the  center,  the  eastern  arm  shows  a slight  "overshoot"  past  the  southern 
bar  end  to  that  it  attaches.  Combined  with  the  winding  arms,  the  overshoot  forms  an 
annulus  analogous  to  the  H I ring  seen  in  the  last  chapter.  It  is  within  this  ring-like 
structure  that  most  of  the  SF  zones  of  the  galaxy  are  located.  However,  several  strong 
sources  also  exist  in  both  arms  that  are  not  part  of  the  ring.  Lastly,  a moderately  intense 
region  located  81"  (4.3  kpc)  southeast  of  the  galactic  center  also  exists  but  does  not  seem 
to  associated  with  any  galactic  structure  (the  r-circle  of  Figure  3-7A). 

The  stellar  color  distribution  of  NGC  3359  can  be  inferred  from  Figures  3-8  to  3-12. 
The  images  are  difference  maps  obtained  after  subtracting  two  different  color  images. 

Due  to  the  pixel  scale  difference  between  the  K image  and  the  Spanish  data,  the  task 
HGEOH  in  A1PS  was  used  to  transform  the  former  to  match  those  from  the  IAC  in  scale, 


resolution,  and  orientation.  No  adjustment  for  seeing  was  required  as  all  of  the  data  have 
similar  values. 

hike  the  Ho  image,  the  SF  regions  are  prominently  displayed  in  the  U-I  color  index 
map  although  the  brightest  H 11  regions  residing  within  the  bar  are  not  the  bluest  (the 
mean  value  is  0.3)  because  of  the  extinction  of  light  caused  by  the  dust  located  around 


compared  to  the  underlying  disk;  again,  the  southum  arm  is  brighter  than  the  northern 

former.  Magnitude  differences  between  0.5  to  -0.0  around  the  H II  regions  can  be  seen  in 
the  U-I  map,  with  the  greatest  difference  occurring  along  the  arms  when;  the  dust  has 
a smaller  optical  depth.  Broad  dust  lanes  lying  on  the  northwestern  side  of  the  bar  are 
displayed  unambiguously  in  the  index  map.  The  U-l  color  difference  in  this  area  typically 
has  values  of  +2.1.  The  southern  dust  lanes  are  difficult  to  depict  in  the  image  but  are 
again  viewable  in  the  U-K  color  index.  As  expected,  the  color  variations  between  the  U 
and  If  data  arc  not  os  large  as  the  U-I  color  index.  The  R filter,  although  designet]  to 


zones.  In  addition,  dust  extinction  is  still  significant  for  the  wavelength  range  covered  by 
the  filter.  And  although  the  R and  I filters  are  closer  in  wavelength,  the  effects  of  star 
formation  and  dust  are  still  considerable  at  these  wavelengths.  The  R-I  image,  although 
fairly  smooth  overall,  shows  the  contribution  of  both  effects.  In  the  northern  part  of  the 

on  the  eastern  side  in  a large  patch  of  dust  that  shroud  the  most  intense  H II  region  of  the 
galaxy.  The  R-I  colors  range  from  0.5  to  0.6  in  this  zone  while  diametrically  opposite,  the 
value  range  is  0.35  to  0.45.  The  best  illustration  of  the  dust  seen  in  the  previous  figures 
comes  from  the  U-K  color  index  map  (Figure  3-11).  Both  the  northern  and  southern  dust 
lanes  are  clearly  enhanced  as  the  reddest  features  of  the  image;  the  bright  central  SF 
regions  appear  the  bluest,  as  expected.  It  can  also  be  seen  in  the  figure  that  light  from 


. arms  are  easy  to  distinguish  by  their  bluer  surface  color  as 


. R-l  color  index  map  of  NGC  3359.  A)  The  black  oral  denotes  the 
rientation  of  the  bat  B)  A/imuthally  averaged  values  of  the  index  map. 


Right  Ascension 

Figure  3-12:  The  I-K  color  difference  map  of  the  bar  region. 


The  N1R  color  difference  (I-K)  map  offers  a better  diagnostic  probe  of  the  dust  dis- 
tribution within  NGC  3359.  At  these  wavelengths  light  contribution  should 
predominantly  originate  from  older  stars  in  the  galaxy  although  the  contributions 
from  young,  supergiant  K stars  cannot  be  entirely  discounted  (Rix  & Rieke  1993;  Patsis 
et  al.  2001).  Nonetheless,  the  1 and  K images  are  simply  less  sensitive  to  the  presence 
of  young  stars.  At  2.2  pm,  the  K-band  light  will  also  contain  less  dust  obscuration  than 
the  I-band  at  0.84  pm.  In  Figure  3-12,  the  color  index  of  the  two  IR  images  proves  both 
points:  (1)  the  nucleus  of  the  galaxy  is  heavily  reddened  and  (2)no  blue  Hu  regions  are 
visible.  The  dust  distribution  is  also  quite  symmetric  in  the  image  with  the  average  value 
of  the  intorbar  region  being  2.6.  A comparison  between  the  U-K  and  1-K  indices  indicate 
that  the  obscuration  of  light  is  at  maximum  in  the  central  region  of  the  galaxy. 

The  lower  bottom  plots  of  the  color  indices  show  the  aximuthally-averaged  radial 
profiles  of  the  images  (using  the  position  angle  and  inclination  values  derived  from 
Section  3.4).  It  is  clear  that  the  bar  is  reddish  in  color  despite  the  string  of  SF  regions 
within  it;  the  average  values  of  the  color  contrast  within  the  majority  of  the  bar  for  the 
two  figures  are  1.28  and  1.T6  in  the  U-R  and  U-I  data  respectively.  Between  the  bar  ends 
and  the  outer  extout  of  the  pseudo-ring  structure  where  most  of  the  H u regions  reside, 
the  difference  shifts  markedly  to  more  negative,  bluer  values  as  an  abundant  region  of  SF 
areas  are  found  here.  Further  out  into  the  outer  disk,  the  region  reddens  once  more.  The 
average  color  distribution  for  the  R and  1 images  appear  to  be  similar  within  the  inner 


3.4  Photometric  Properties 

In  this  section,  the  broadband  images  are  initially  used  to  determine  the  major-axis 
position  angle  (#)  and  axial  ratio  (ellipticity,  ()  of  the  photometric  disk  (and  bar).  These 
properties  were  derived  by  analysing  the  isophotal  contours  of  each  image  and  are  useful 
for  investigating  the  structures  within  the  galaxy.  The  results  are  then  used  to  analyse 
the  radial  profiles  and  disk  scale  lengths  of  the  galaxy. 

3.4.1  Position  Angle  and  Ellipticity  of  the  Disk 

As  a [heck  for  consistency  with  the  kineinatical  results  that  were  derived  for  the 
H I observations  of  NGC  3359,  the  shape  and  position  angle  of  the  disk  for  the  galaxy 


were  determined.  However,  foreground  star  subtraction  was  required  to  limit  the  light 
contribution  to  only  that  of  the  galaxy.  Tills  was  done  by  masking  out  the  pixels  of 
the  offending  stars  with  a variable  size  circular  aperture  and  replacing  them  by  values 
determined  bum  a second-order  interpolation  of  the  pixels  in  the  surrounding  annulus. 
The  task  imedit  of  the  Image  Reduction  Analysis  Facility  (IRAF1)  program  was  used  to 
serve  this  purpose.  Next,  the  “smooth"  images  were  used  as  input  files  for  the  standard 
IRAF  isophotal  analysis  program  ellipse2  . The  task,  as  described  by  Jedrxejcwski 
(1987),  fits  elliptical  isopliotes  to  images  and  works  by  performing  least-squares  iterative 
corrections  to  the  geometrical  parameters  of  the  fitted  ellipses.  Consequently,  the 
program  produces  solutions  (he..  the  center  coordinate  (*e,W>.  ellipticity,  position  angle 
and  semimajor  axis  a)  to  each  fitted  isophoto.  For  a more  thorough  discussion  of  the 
process,  please  see  the  cited  article  or  the  IRAF  help  page. 

Results  from  using  ellipse  on  the  images  are  shown  in  Figure  3-13.  During  the 
run,  the  photometric  center  was  held  constant  while  the  position  angle  and  ellipticity 
parameters  of  the  individual  ellipse  were  allowed  to  vary.  Inaccurate  positions  Of  the 
center  were  found  if  the  values  were  not  fixed.  That  is,  certain  ellipses  ended  up  being 


each  fitted  isophoto  was  set  to  1.5"  or  the  resolution  of  the  images. 


elongated  along  its  major  axis,  the  average  (weighted)  mean  value  ranging  in  between  0.6 
to  0.8  for  all  observed  passbands.  The  findiug  is  consistent  with  Duval  & Mminet  (1985) 
who  found  that  late-type  galaxies  have  more  elliptical  rather  than  boxy-shaped  bars 
(he.,  axial  ratios  between  0.1  to  0.3)  like  that  of  early-type  galaxies  (Olita  et  al.  1990). 
Slightly  beyond  the  ends  of  the  bar  at  43"  (Aguerri  et  al.  1998),  the  isophotes  become 


1 IRAF  is  written  and  supported  by  the  IRAF  programming  group  at  the  National  Op- 
tical Astronomy  Observatories  (NOAO)  in  Tucson,  Arizona.  NOAO  is  operated  by  the 
Association  of  Universities  for  Research  in  Astronomy  (AURA),  Inc.  under  cooperative 
agreement  with  the  National  Science  Fbundation 

2 This  IRAF  routine  is  part  of  the  STSDAS  external  package  provided  and  maintained 
by  the  Science  Software  Group  at  the  Space  Telescope  Science  Institute  (STScI) 


Figure  3-13:  EUipticity  and  position  angle  fits  to  the  isophotes  of  the  broadband  images. 
The  purple  markers  represent  the  position  angle  fits  to  the  Ho  bar. 

very  round  (t  = 0.2)  near  the  region  where  the  spiral  arms  connect  with  the  bar.  Out  in 
the  disk  (beyond  150"),  the  isopholal  elfipticities  settle  to  a near  constant  value  of  0.46. 
Assuming  that  the  disk  is  intrinsically  circular  and  < = 1 - cost,  the  ollipticity  value 
implies  the  galaxy  is  inclined  at  an  angle  of  57"  with  respect  to  the  sky  plane. 

Of  more  interest  is  the  photometric  position  angle  plot  of  the  galaxy.  At  large  radii, 
the  position  angle  of  the  disk  drifts  progressively  to  ^ = -10°  (the  same  value  as  reported 
by  RC3  and  the  H I study).  However,  the  major  axis  of  the  fitted  isophotes  drifts  away 
from  the  position  angle  or  the  disk  closer  to  the  center  of  the  galaxy  (o  < 20”),  most 
noticeably  with  the  U image-  This  is  not  an  uncommon  occurrence  as  many  other 
galaxies  have  shown  isophotal  twists  within  their  inner  regions  (Elmegreen  et  al.  1996c; 
Jungwiert  et  al.  1997).  One  plausible  explanation  or  such  a phenomenon  is  the  existence 
of  an  inner  bar.  Another  is  the  existence  of  a triaxial  bulge/core.  The  dusty  environment 


Figure  3-14:  Azimuthally  averaged  radial  profile  of  the  U,  R.  and  1 images  of  NGC  3359. 
of  the  center  and  the  high  inclination  of  the  galaxy  hinders  accurate  identification. 
Nonetheless,  the  similarity  between  Figure  1 of  Woxniak  et  al.  (1995)  and  the  shape  of 
the  ellipticity  curve  for  NGC  3359  suggests  a bulge  + bar  scenario. 

separation  in  the  alignment  of  the  bar  between  the  U image  versus  the  remaining 
possbands.  In  fact,  the  weighted-mean  value  for  each  filter  indicates  that  the  bar  rotates 
systematically  from  the  position  angle  of  the  disk  at  smaller  wavelengths  (Figure  3-13 
and  also  see  Figure  1 of  Martin  1995).  The  position  angle  of  the  bar,  as  seen  with  the 
U-band,  is  18°.  For  the  the  R,  1,  and  1<  filters,  = 12°,  11°,  and  10  respectively.  1’inallv. 
the  Ho  bar  (as  shown  in  the  insert  diagram  of  Fig  3-12)  shows  the  greatest  position 
angle  shift,  with  <fi  = 28°.  More  qualitatively,  the  passbands  that  trace  out  the  younger 
stellar  population  (i.e.,  in  the  11  and  Ho  wavelengths)  are  rotated  counter-clockwise 

This  can  be  explain  if  the  gas  is  flowing  from  the  bar  and  forming  newer  generation  of 
stars  downstream.  Theoretically,  it  lias  been  shown  that  there  is  a phase  delay  (up  to 


Table  3-2:  Photometric  properties  of  the  broad  band  images  of  NGC  3359 
Filter  Bar  position  angle  (degrees)  m0  (mag  arcsec"2)  fl,,  (urcseconds) 

U 17.0*0.7  20.65  * 0.05  43.8  * 0.5 

R 11.7  * 0.6  20.11  *0.06  49.4  * 0.8 

I 10.9  * 0.9 20.20  * 0.04 60.3  * 0.6 

45°)  between  stellar  and  gits  responses  (Wada  1994).  Hence  the  offset  between  the  two 
bars  is  quite  possible. 

3.4.2  Surface  Photometry 

The  aximuthally  averaged  surface  brightness  profile  of  NGC  3359  for  the  U,  R,  and 
I filters  are  shown  in  Figure  3-14.  Each  profile  was  created  by  dividing  the  respective 
broadband  image  into  1.5"  -wide  elliptical  annuli  of  constant  inclination  and  position 
angle  ($  = -10°  and  t = 57°.  as  found  in  the  last  section).  No  internal  extinction 

smoother  profiles.  The  undulations  in  the  U-band  profile  are  due  to  the  SF  regions  to 
which  the  filler  is  sensitive.  In  particular,  the  two  peaks  located  near  50"  and  130"  are 
made  by  associations  of  young  blue  stars  residing  at  the  ends  of  the  bar  and  three  major 
star  formation  areas  in  the  north  and  south  arms.  The  surface  brightness  of  the  galaxy 
also  increases  in  the  two  red  filters  near  where  the  bar  ends  (40-50"  ) although  it  is  mild 

The  disk  portion  of  the  brightness  profile  is  approximately  exponential  and  can  be 

mD  = m0  exp  - (Jj^)  I3-1) 

where  m„  is  the  central  surface  brightness  of  the  disk  aud  ft,  is  the  disk  scale  length. 

The  results  of  tlie  fit  are  given  in  Table  3-2. 

The  exponential  law  fit  was  made  to  the  outer  disk  of  the  galaxy.  That  is,  equation 
3.1  was  applied  to  regions  beyond  135"  to  avoid  the  strong  light  contribution  emanating 
from  the  bar  and  the  bright  sones  of  H II  regions  within  the  inner  disk.  Such  features,  as 
noted  earlier,  are  the  causes  of  the  local  peaks  and  valleys  that  exist  in  the  light  profiles 
and  color  index  maps.  Elmegreen  & Elmegreen  (1985)  reported  Ho  = 82"  for  their  study 


Figure  3-15:  The  K-band  surface  brightness  profile  along  the  bar.  The  arrows  mark  the 
ends  of  the  bar  and  the  abscissa  values  correspond  to  projected  distances. 

of  the  radial  profile  of  NGC  3350  in  the  !-baud.  The  difference  between  their  value  and 
the  one  in  Table  3-3  is  caused  by  the  different  methods  of  radial  profile  extraction. 

The  surface  brightness  along  the  major  axes  of  the  bar,  as  seen  at  2.2  pm,  is  shown 
in  Figure  3-15.  Being  mainly  free  of  dust  effects  and  H II  emission,  the  slices  show  good 
symmetry  for  both  sides  of  the  bar.  The  light  distribution  of  the  profile  are  consistent 
with  those  of  the  B-  and  I-band  as  shown  in  Figure  1 of  Elmcgreen  et  al.  (1996).  All  of 
the  profiles  indicate  that  NGC  3359  has  a “Bat”  (the  surface  brightness  decreases  slowly) 
rather  than  an  exponential  (the  light  profile  has  a scale  length  close  to  that  of  the  disk) 


3.5  Fabrv-Pcrot  Observations 

In  this  section,  the  kinematics  of  the  ionised  hydrogen  gas  within  NGC  3359  will  be 
examined.  The  Ho  velocity  Held  derived  from  the  FP  cube  offere  much  better  angular 
resolution  than  the  H I data.  Hence,  the  small  scale  structures  that  are  seen  in  the 
velocity  fields  can  be  observed  at  higher  resolution.  The  immediate  result  shows  that  the 
kinematics  of  the  gas  contains  interesting  uon-circular  components  associated  with  the 
Hu  regions. 

3.5.1  Ho  Data  Cube 

Observations  of  the  H II  gas  in  NGC  3359  were  made  by  M.  Rosas  and  M.  Sempere 
on  March  31,  1996.  The  instruments  used  were  the  TAURUS  II  (second  generation 


Figure  3-16:  Ha  channel 
played  at  the  top  right  co 
this  page.  Contour  levels 


TAURUS)  FP  Instrument  with  an  etalon  spacing  of  125  pm  and  a TEK-2  CCD  detector 
attached  at  the  Cassegrain  focus.  A narrow  band  (AX  = 15  A)  filter  centered  at  6589 
A was  used  for  order-sorting.  The  width  ot  each  channel  (spacing  between  two  image 
planes)  was  0.34  A(15.6  kins-1).  A total  of  55  steps  were  required  to  cover  the  17.23  A 
wide  FSR  (Fiee  Spectral  Range.  Appendix  C).  The  observers  windowed  the  camera  to  a 
sine  of  540  x 540  pixels  at  0.56"  x 0.56"  per  pixel  to  avoid  vignetting  by  the  filter  wheel, 
thereby  producing  images  of  5'  x 5'  in  si/e.  The  exposure  time  for  each  image  of  the 
data  cube  was  140  seconds.  The  sky  was  photometric  during  the  observing  run  and  the 
resolution  of  the  data  was  limited  only  by  the  seeing  of  - 1.5”  . 
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Figure  3-16:  Contour  roup  of  channels  36  to  44  of  the  Ho  data  cube. 

in  the  channel  maps  and  the  peak  of  the  profile  is  located  at  the  approaching  side  or  the 
galaxy.  This  asymmetry  exists  only  for  the  Ho  emission  as  the  global  profile  of  the  21-cm 
radiation  is  more  symmetric  for  the  same  region  (Figure  2-5). 

3.5.2  Moment  Maps 

As  pointed  out  by  Rozas  et  al.  2000b  (hereafter  RZB2),  the  initial  moment  maps 
made  from  the  original  reduced  data  cube  contained  many  unacceptable  noise  spikes. 

As  such,  more  data  reduction  was  necessary  before  further  analysis  of  the  data  could  be 
made.  The  method  of  data  reduction  performed  in  this  section  follows  that  of  RZB2. 

The  first  step  was  to  remove  the  continuum  emission  from  the  data  cube  by  fitting  a 
linear  baseline  approximation  to  the  line-free  channels  and  subtract  it  from  the  data 


Figure  3-17:  Ho  global  profile  or  NGC  3359.  Units  are  in  10s  arbitrary  units. 

cube.  This  process  not  only  removed  the  continuum  but  also  removed  some  of  the 
unusually  bright  single  pixels  that  extended  for  several  planes  of  the  data  cube.  These 
pixels  were  not  associated  with  any  emission  regions.  Improvement  of  signal-to-iioise  ratio 
was  performed  by  using  a Gaussian  function  to  smooth  the  original  1.5"  data  down  to 
the  lower  resolutions  of  5",  10",  and  15"  cubes.  Next,  the  10"  and  15"  data  cubes  were 
used  for  iuitial  removal  of  the  noise  spikes.  Pixels  of  the  10"  data  cube  with  values  below 
the  2.5<7  limit  of  the  15"  data  cube  were  blanked  out.  The  result  of  the  process  produced 
a 10"  conditionally  transferred  data  cube  that  were  mostly  free  of  lower  noise  features, 
lb  remove  tile  high  value  noise  spikes,  all  pixels  not  within  the  Ho  emitting  regiou 
wore  blanked  out.  This  stage  proved  to  be  the  longest  part  of  the  process.  Individual 
channels  for  both  sets  of  data  were  required  to  be  inspected  interactively  and  one-by-one 
to  produced  the  final  “cleaned"  cube.  The  process  just  described  was  then  applied  to  the 
5"  and  1.5"  data  to  produce  a set  of  cube  that  are  used  to  analyze  the  kinematics  of  the 

Figures  3-18  to  3-20  displays  the  final  Ha-moment  maps  constructed  from  the  clean 
cubes  by  utilizing  the  moment  equations  shown  in  the  last  chapter.  All  pixels  that 
spanned  less  than  three  consecutive  channels  and  have  less  than  3cr  values  were  not 
excluded  from  the  making  of  the  moment  maps. 

The  zeroth  moment  map  is  similar  to  the  image  taken  by  through  broadband  filter 
(Figure  3-7).  As  the  method  of  RZB2  was  followed  to  produce  the  moment  maps,  the 


Figure  3-18:  Ho  integrated  intensity  (i.e.,  moment  zero)  map  of  NGC  3359.  The  units 
are  arbitrary. 


data  reduction  process  (e.g.,  continuum  subtraction,  rums,  value  determination  and  the 


field,  kinhs  in  the  Ho  isovels  near  the  spiral  arms  can  be  attributed  to  the  streaming 
motions  associated  with  spiral  density  perturbations.  The  5"  velocity  field  also  has  strong 
non-circular  effects  within  the  inner  part  of  the  disk.  Bar  streaming  motions  are  quite 
apparent  in  the  15"  data  as  marked  by  some  of  the  contour  lines  that  run  nearly  parallel 
to  the  bar  near  the  galactic  center.  Perturbations  of  30  to  50  km  s- 1 in  the  plane  of  the 
galaxy  can  be  estimated  from  kinks  in  the  isovels  (11ZB2). 


very  good  correspondence  with  Figure  2 of  their  paper.  Small 
differences  between  the  two  exist  because  of  the  minor  variances  in  certain  steps  of  the 


Tlw  velocity  dispersion  of  the  line  profiles  are  outlined  in  the  second  moment  map 
(Figure  :<-20).  There  is  a strong  and  direct  correlation  between  the  intensity  of  the 
Hll  region  and  the  surrounding  velocity  dispersion  of  the  ionised  gas.  The  ten  brightest 
regions  of  Figure  3-7  have  dispersion  values  within  the  range  of  25  and  45  km  s'1  (the 
larges,  occurring  within  the  two  central  sources)  while  the  average  dispersion  for  the 
galaxy  lies  between  15  to  20  km  as  seen  along  the  line-of-sight.  RZB2  showed  that 
the  correspondence  still  existed  after  the  removal  of  the  natural  line,  instrumental,  and 
thermal  width  contributions  to  the  observed  spectral  lines.  It  will  also  be  shown  In 
section  3.5.5  that  there  is  also  a relationship  between  the  residual  velocity  field,  made 
from  subtracting  a circularly  rotating  model,  and  the  second  moment  map.  Because 
of  this  correlation,  it  is  possible  that  the  non-circular  velocity  components  associated 
with  the  intense  H II  regions  could  very  well  be  non-planar,  expansion  motions  of  hot  gas 
(RZB2).  That  is,  the  gas  may  have  radial  and/or  vertical  motions. 

3.5.3  Rotation  Curve  and  Position- Velocity  Diagrams 

The  rotation  curve  of  Figure  3-21  was  obtained  by  fitting  the  5"  velocity  field 


H.  kinomatical  properties  (Begeman  1989)  was  employed  to  determine  the  corresponding 
Ho  values  that  are  listed  in  Table  3-3.  The  results  or  Chapter  2 were  used  as  the  initial 
estimates  for  the  parameters.  The  width  of  each  ring  was  set  to  one  beamwidlh.  Like 
RZB2,  the  lower  resolution  maps  at  10"  and  15"  were  used  as  guides  to  solve  for  Vm  and 
i.  Only  annuli  larger  than  the  radius  or  the  bar  were  used  to  compute  the  inclination. 
The  values  are  weighted  mean  results  of  the  kinematic*!  parameters  reported  in  Table 
3-3.  The  discrepancies  between  the  last  three  properties  of  the  two  sets  of  results  stem 
primarily  from  the  different  centers  used  for  each  analysis.  Indeed,  if  the  kinen.atical 
center  found  by  RZB2  was  used,  similar  values  for  V,„  and  F,„„  can  be  found.  However, 
the  overall  fit  using  the  velocity  fields  derived  in  this  research  is  not  as  good  as  those 
that  are  listed  in  the  table.  Therefore,  the  values  that  are  shown  represent  the  best 
ilo  kinematic*)  parameter  for  thu,  dissertation. 


Figure  3-20:  Ho  velocity  dispersion  (i.e.,  second  moment)  map  of  NGC  3359.  The  units 
of  the  color  bar  are  km  s"' . 

^^^^^hte^s^-^H^^inemadcaljH'OPerti^ofNGC  3358 

Parameter Current  results  RZB2 

Kinematicnl  center  (J2000.0)  . . 

Right  Ascension  l‘»" 30.7*  10h  46-  35.6* 

Declination  63°  13' 27.0" 

Systemic  velocity,  Vw  (km  9-' ) 1008.6  ± 0.8  1006_8  ± 0.3 

Inclination,  i (degrees)  5,1  „ 

Maximum  rotational  velocity.  |k.f»)  153.0±0.8 U2±2.S_ 

As  was  found  in  determining  the  H I kinematicnl  center,  if  (xo.Bo)  left  as  a free 
parameter,  the  position  values  that  were  determined  varied  dramatically  .ft  different  radii 
and  did  not  produce  a satisfactory  6t.  Thus,  the  original  value  (Lefthe  H I ccutcr)  was 
used  for  the  remaining  steps  of  the  fitting  procedure.  The  position  angle  4 was  left  to 
vary  with  radius  after  initially  fixing  its  value  to  -9°  for  the  inner  45"  (bar)  portion  of 
the  velocity  field.  It  can  be  seen  in  the  bottom  plot  of  Figure  3-21  that  # varies  with 
ratlins  so  a mean  value  cannot  be  used  to  fix  the  global  position  angle  of  the  kinematical 
major  axis  as  was  done  for  the  21-cm  data.  The  trend,  as  well  as  allowing  * to  vary  with 
distanco,  can  also  be  observed  in  Figures  5 and  6 of  RZB2, 

The  final  rotation  curve  was  derived  from  using  the  5"  map  and  the  estimated  values 
in  Table  3-3.  Another  rotation  curve,  at  a resolution  of  15"  , was  created  in  the  same 


Radius  (Itpc) 

Figure  3-21:  The  Ho  rotation  curves  of  NGC  3359  as  derived  by  RZB2  (dashed  lines) 
and  this  dissertation  (thick  solid  lines). 

fashion  but  will  be  shown  and  used  later  to  compare  the  Ho  and  H I kinematics.The 
graph  covers  approximately  85%  or  the  H II  field.  Annuli  fit  to  the  region  beyond  the 
100"  contained  fewer  sample  points  owing  to  the  sporadic  location  of  SF  regions  in 
the  outer  part  of  the  galactic  disk.  This  led  to  estimates  of  V,  with  large  errors  that 
were  considered  unacceptable.  These  data  points  have  been  excluded  subsequently. 
Nonetheless,  the  displayed  plot  is  regular:  the  outer  portion  of  the  curve  is  fairly  flat 
and  the  inner  region  (r  < 60")  can  be  described  by  a solid-body  rotation  that  rises  at 
a rate  of  148  ± 2 km  s' 1 atonin' ' . This  value  is  similar  to  the  144  km  s'  arcmin 
derived  for  the  Hi  rotation  curve  and  142  kins-'  arcmin-'  of  RZB2.  The  majority  of 
the  local  peaks  that  exist  in  the  rotation  curve  coincide  with  annuli  that  contained  bright 
SF  regions  within  them-  For  example,  the  local  peak  near  25"  corresponds  with  the  two 
brightest  H II  regions  that  arc  located  just  NE  and  SW  of  the  galactic  center.  The  minor 
differences  between  the  derived  kinematical  parameters  for  this  paper  and  RZB2  are 
reflected  by  the  small  variations  (average  difference  = ±5.7  kms"1 ) between  the  two 
rotation  curves  in  Figure  3-21. 

As  a check  for  the  consistency  and  credibility  of  the  derived  rotation  curve,  the 
results  have  been  plotted  atop  the  (kinematical)  major  axis  position-velocity  diagram 


Figure  3-22:  Position-velocity  diagrams  of  the  n 
major  axis.  The  rotation  curve  is  superposed  as 
The  contour  levels,  in  arbitrary  units,  arc  al  (2, 


and  minor  axes.  A)  PV  plot  of  the 
s.  B)  PV  plot  of  the  minor  axis. 


(Figure  3-22).  The  good  correspondence  between  the  two  plots  indicates  the  quality  of 
the  liinematical  properties  used  to  derive  the  rotation  curve  is  reasonable.  Structures  that 
exist  along  the  line-of-node,  as  labeled  in  the  figure,  are  the  southeastern  arm  (a),  the  bar 
and  galactic  center  (b),  a thin  region  of  the  western  arm  (c),  and  a section  the  northern 
arm  spurs  (d).  The  western  side  of  the  minor  axis  PV  diagram  is  regular  with  the  centers 
of  the  emission  centered  around  the  systemic  velocity  Via  But  the  section  of  the  eastern 
arm  that  lies  on  the  minor  axis  has  a line-of-sight  offset  that  has  been  blueshifted  by 
about  10  kins'1  tom  V0-  The  position  of  this  ofiset  coincides  with  point  a of  the  minor 
axis  PV  diagram  of  the  21-cm  data  (Figure  2-18).  This  suggests  that  both  species  of 
hydrogen  gas  understudy  are  flowing  inward  toward  the  nucleus  along  the  kinematic 

3.5.4  Residual  Map 

The  kinomatical  property  results  from  Table  3-3  and  the  fitted  values  of  V,  from  the 
5"  rotation  curve  were  used  to  create  an  axisymmetric  Ho  model  velocity  field  of  NGC 


Figure  3-23:  A)  Isovelocity  contours  of  the  axisyminetric  velocity  field  (from  850  km 
S-1  ,0  1150  !(„]  s-i  at  every  15  km  s'  1 interval)  plotted  on  top  of  the  Ho  moment  aero 
map.  B)  The  1.5"  residual  velocity  field  made  from  subtracting  out  the  model  from  the 
observed  velocity  field.  Units  of  the  color  bar  are  in  km  s_l. 


3359.  The  model,  represented  as  isovels  in  the  left  panel  of  Figure  3-23,  best  resembles 


and  the  arms  can  be  seen,  much  like  the  observed  (15”  ) velocity  field.  The  synthetic 
map  also  shows  streaming  motions  near  the  spiral  arms  of  the  inner  disk. 

To  study  the  non-circular  component  of  the  H It  gas  flow  within  the  galaxy  in  detail, 
a velocity  residual  map  was  made  by  subtracting  the  model  from  the  1.5"  first  moment 
image.  The  residuals  values  in  the  right  panel  of  Figure  3-23  have  an  overall  average  of  -1 
km  s'1  but  with  values  as  large  as  ±20  km  s'1 . Also,  several  of  the  largest  difTereur.es  are 
located  near  the  brightest  H II  regions.  The  strongest  peaks  occur  within  the  bar  region 
as  can  be  seen  by  the  apparent  gradient  within  the  structure  in  the  figure.  As  alluded  to 


indicate  motions  of  expansion  (either  radially  and/or  vertically)  produced  by  the  O and 
B stellar  members  of  active  star  formation  regions.  Such  motions  have  been  observed  in 
dynamical  models  (Zurita  2001). 


! 


3.6  The  Bar  Region 

Tilt  bar  of  NGC  3359  is  believed  to  be  iu  the  development  stage  (Martin  & Roy 
1995).  From  dynamical  studies  of  FYiedli  & Benz  (1993)  and  Friedli  et  al.  (1994),  a 
vigorous  flow  of  gas  is  expected  around  tile  young  bar.  The  flowlines  of  the  gas  are  highly 
elongated  and  produce  notiaxisyminetnc  streaming  motions  that  are  reflected  by  the 
twisted  isovelocity  contour  lines  that  are  seen  in  the  velocity  fields.  Thus,  it  is  expected 

the  observed  velocity  field.  The  robust  flow  of  gas  within  the  bar  play  a major  role  in 
creating  the  dust  lanes  that  are  seen  typically  in  barred  galaxies. 

In  NGC  3359,  the  northern  dust  lanes  are  rather  ambiguous.  The  dust  lanes  in  the 

galaxies,  based  on  hydrodynamics!  studies  are  locales  of  shocks.  These  shocks  occur 
w*hen  high  velocity  gas  flowing  along  the  liar  potential  in  toward  the  center  meets  the 
slower,  outward  moving  gas  as  it  climbs  out  of  the  potential.  Consequently,  velocity 

be  detected  in  NGC  3359,  line  profiles  were  made  by  taking  a sample  slice  across  the  bar 
in  the  V,  R,  K,  and  velocity  field  maps.  As  plotted  in  Figure  3-24B,  a jump  in  velocity 
is  indeed  present  in  the  slice  profile.  The  dust  lane  that  exist  just  left  of  the  slice  center 
show  a radial  velocity  change  of  only  about  40  km  s-1  (as  50  km  s" 1 deprojectcd)  within 
3"  . This  velocity  gradient  is  relatively  moderate  and  the  shock  is  fairly  strong. 

flow  of  the  H it  gas  inside  the  structure.  Figure  3-25  shows  the  PV  diagram  of  the  slice. 
The  rotation  curve  of  the  galaxy,  projected  to  the  bar  position,  is  also  plotted  atop  the 
intensity  contours.  Comparison  of  the  two  show  that  the  H II  regions  within  the  bar, 
especially  those  SW  of  the  center,  have  large  non-circular  velocity  components  associated 
with  them.  The  largest  difference  is  approximately  40  km  s" 1 as  seen  along  the  line  of 
sight.  These  variations  are  consistent  with  the  velocity  gradient  that  are  present  in  the 
residua]  map  as  shown  in  the  previous  section  and  provide  another  evidence  of  the  strong 


+50  +40  +30  +20  +10  0 -10  -20  -30  -40  -50 

Distance  from  the  center  (orosec) 


Figure  3-25:  Position-velocity  diagram  of  tile  bar  major  axis.  The  contour  levels  are  at 
(2.5  6.0  9.0  13.0  17.0  21.0  25.0  55.0)  xle  arbitrary  units. 

3.7  Comparisons  of  H I and  H II  Kinematics 

With  the  kinematics  of  each  specie  of  gas  analyzed,  a comparison  of  the  two  individ- 
ual studies  can  be  made.  However,  the  original  spectral  and  spatial  resolutions  of  both 
data  sets  differ  and  so  preliminary  corrections  were  required  to  make  them  comparable 
to  one  another.  Adjustment  to  compensate  for  the  larger  FP  data  velocity  resolution  of 
15.6  km  s-'  was  made  by  smoothing  the  spectral  axis  of  the  15"  H l cube  with  a Hanning 
function.  The  resulting  smoothed  first  moment  map  has  a velocity  resolution  of  16.6 
km  s_l.  In  addition,  the  Ho  velocity  field  has  to  be  convolved  to  a spatial  resolution  that 
is  comparable  to  that  of  the  Hi. 

3.7.1  Rotation  Curves 

The  rotation  curves  of  both  data  sets  are  plotted  in  Figure  3-26.  There  is  very 
good  correspondence  of  the  two  curves  for  the  35"  to  83"  (—  1.8  kpc  - 4.4  kpc)  region. 
The  average  and  maximum  differences  between  the  circular  speed  of  the  gases  within 
this  annulus  are  1.9  and  4.7  km  s' 1 respectively.  Further  out,  the  H 1 curve  begins  its 
decline  to  a minimum  V,  at  125"  , as  observed  in  the  last  chapter.  The  H It  gas  however, 
does  not  follow.  Rather,  the  last  two  credible  data  points  increase  in  value  so  that 
the  difference  between  the  two  curves  become  as  large  as  20km  s'1 . This  difference 
appears  to  be  real  and  not  an  effect  of  the  convolution  process.  Rotation  curves  at 
higher  resolution  show  the  same  dichotomy,  albeit  with  a slightly  difference  in  amplitude. 
Figure  6 of  RZB2  also  show  a similar  variation  between  the  two  graphs.  It  is  unclear  as 


to  what  the  cause  of  the  difference  may  be.  However,  part  of  it  is  due  to  the  different 
inclination  angles  that  were  used  to  obtain  the  curves  (Table  3-3).  It  is  also  possible  that 

In  toward  the  center  of  the  galaxy,  the  circular  flow  of  H I is  faster  than  the  H II  gas 
by  an  average  of  about  20  kin  s'1 . As  most  of  the  velocity  information  for  the  FP  data 
comes  from  the  H 11  regions  within  the  bar  and  are  azimuthally  averaged  out.  it  is  likely 
that  the  kinematics  of  the  ionised  hydrogen  contain  more  information  about  the  velocity 
fields  associated  with  the  star  formation  and  stellar  winds  present  in  the  bar  (Jbrsiiter  & 
van  Moorsel  1995;  Laine  1996)  as  well  as  (elliptical)  bar  streaming  motion.  This  point  is 
emphasised  in  the  previous  discussions  of  the  velocity  dispersion  and  residual  maps.  In 
addition,  the  H I rotation  curve  contains  more  sample  points  owing  to  the  broader  extent 
of  the  gas  and  therefore  is  not  limited  to  and  affected  only  by  the  SF  regions  or  bar 
streaming  motions.  The  effect  of  beam-smearing,  as  described  in  the  previous  chapter, 
made  by  convolving  the  original  data  also  contributes  to  the  difference. 

3.7.2  Velocity  Helds 

The  H 1-Ha  residual  map  of  Figure  3-27  is  a direct  comparison  study  of  the  two 
velocity  fields.  The  intensity  map  of  the  H II  gas  at  full  resolution  is  also  plotted  in  the 
figure  to  emphasize  the  convolution  effects.  The  residual  map  demonstrates  that  the  flow 


Figure  3-27:  Color-coded  isovels  of  the  H t-Ha  residual  velocity  field.  The  backgrouud 
image  is  the  1.5"  Ha-intensity  map.  The  plotted  ellipse  denotes  the  region  in  which  the 
circular  velocities  of  the  H t gas  is  greater  than  H II  (Figure  3-26).  The  arrows  indicate 
the  minor  axis  of  the  galaxy.  Contour  units  are  in  km  s . 


of  both  gases  are  in  agreement  for  most  of  the  Ho  emitting  region.  The  mean  velocity 
difference  between  the  two  maps  is  less  than  2 km  s-1  with  an  rms  dispersion  of  about  5 
km  s'1.  Most  of  the  large  differences  (i.e.,  greater  than  10  km  s'1 ) can  be  attributed  to 
the  smoothing  applied  as  these  locations  coincide  with  the  edges  of  the  Ha  velocity  field. 
And  although  convolution  effects  contribute  to  the  largest  peaks  within  the  gradient 
(-31  to  42  km  s'  1 ) of  the  central  region  of  the  bar.  real  kinematical  differences  between 
the  cold  and  ionised  gases  are  also  present.  As  seen  in  Figure  3-26,  the  rotation  curve 
of  the  21-cm  data  is  greater  in  this  area  (marked  by  the  ova!  in  Figure  3-27);  the  radial 
velocity  of  the  Hi  gas  should  therefore  be  larger  than  that  of  the  H It  for  the  nones  above 
the  minor  axis  of  the  galaxy.  Conversely.  H I radial  velocities  will  be  smaller  than  that 
of  H It  for  the  regions  below  the  minor  axis.  Indeed,  this  is  precisely  what  occurs  in  the 


Summary 


In  this  chapter,  many  of  the  photometric  properties  of  NGC  3359  have  been  investi- 
gated. The  major  feature  of  the  galaxy,  the  bar.  is  found  to  be  quite  red  ill  color  despite 
having  many  bright  giant  H It  regions  located  along  its  major  axis  (although  none  exist  in 
the  nucleus).  The  dust  in  the  bar  region  contributes  to  observed  colors  The  K-battd  light 
profile  of  the  bar  major  axis  was  found  to  be  flat  and  in  agreement  with  Eltltegreen  et  al. 
(1990)  (although  Elntegreen  & Elmegreen  had  originally  classified  the  light  from  the  bar 
as  exponeutially  decreasing  in  1985).  In  the  same  papers,  they  have  also  conjectured  that 
early  types  spirals  have  flat  bars  and  so  NGC  3359  is  clearly  at  odds  with  this  predicted 
trend.  However,  it  is  unclear  how  well  established  this  relationship  between  bar  light 
profile  and  the  Hubble  classification  is.  Coincidentally,  another  late-type  galaxy  that, 
also  has  a flat  lair  is  NGC  7479  and  both  galaxies  have  been  suggested  to  have  young 
bars-the  bar  of  NGC  7479  is  estimated  to  be  approximately  0.5  Gyr  (Martin  1995).  It  is 
therefore  possible  that  the  shape  of  the  light  profiles  of  the  two  galaxies  are  affected  by 

The  spiral  arms  are  the  bluest  component  of  the  galaxy  owing  to  the  fact  that  (a) 
the  majority  of  the  galactic  H it  regions  reside  within  them  and  (b)  there  is  less  dust 
obscuration.  The  color  index  at  large  radii  (i.e.,  beyond  — 150"  ) is  reddish  that  suggests 
that  the  predominant  occupants  of  the  outer  disk  are  older  stars. 

The  position  angle  of  the  photometric  disk  tends  toward  the  kinematical  value  of 
— 10°and  the  ellipticity  of  the  outer  disk  gives  an  inclination  value  of  57°.  Both  values 
are  consistent  with  the  kinematical  analysis  of  the  H I and  Ho  data.  An  analysis  of  the 
passbands,  as  reported  in  Table  3-2,  suggests  a linear  increase  of  the  disk  scale  length 
as  a function  of  wavelength  of  observation.  This  relationship  and  the  magnitude  of  the 
reddening  of  the  outer  disk  is  contrary  from  the  study  of  86  spirals  made  by  de  Jong 
(199G)  and  Graham  (2003).  Based  on  their  published  results,  the  majority  of  the  objects 
in  their  sample  have  decreasing  disk  scale  lengths  at  larger  wavelengths,  de  Jong  (1996) 
also  found  that  the  galaxies  became  bitter  with  increasing  radius  and  that  the  increasing 
scale  lengths  point  to  the  inner  regions  being  older  than  the  outer.  NGC  3359  appears 
to  contradict  this  trend  due  to  the  presence  and  effects  of  the  bar.  Not  only  is  the  bar 


forming,  blit  tlm  structure  itself  is  funneling  in  gas  to  form  newer,  bluer  stars  as  well. 

In  addition,  the  majority  of  the  SF  rones,  as  seen  in  the  Section  3.2.2,  lie  in  the  inner 
to  middle  part  of  the  disk.  Thus,  the  outer  disk  of  the  galaxy  lacks  younger  stars  and 
consetpieutly  is  redder. 

The  Fabry-Perot  observations  of  the  Ho  emission  from  ionised  hydrogen  is  an 
additional  and  vital  source  for  studying  the  gas  kinematics  within  NGC  3359.  The  isovels 
of  the  velocity  field  show  strong  non-circular  effects  caused  by  spiral  density  waves  and 
bar  streaming  motions  around  the  arms  and  central  regions  of  the  galaxy  respectively. 


agreement  with  the  21-cm  data. 


-15  km  s~' ) within  the  bar,  as  show'll  in  Figure  3-23.  Furthermore,  some  of  the  mast 
intense  SF  regions  with  large  residuals  also  have  high  velocity  dispersions.  Such  peaks 
could  be  caused  not  only  by  streaming  effects  but  also  by  vortical  motions  of  expansion 


NGC  3359  by  Relaho  et  al.  (2003)  have  led  them  to  suggest  that  a significant  fraction 
of  the  regions  have  expanding  shells  that  are  driven  by  either  stellar  winds  or  gas 
acceleration  caused  by  stellar  radiation  (winds). 

Within  the  bar,  velocity  jumps  can  be  seen  near  the  dust  lanes.  As  discussed  in 
Section  3.6,  these  features  are  indicative  of  shocks  at  their  locations.  The  highest  velocity 

yielded  values  of  only  40  km  s' 1 that  indicates  that  the  shocks  are  moderately  strong. 

(except  for  the  combine  three  color  HST  image)  and  the  redder  color  index  map.  The 

there  is  substantial  obscuration  of  light  close  to  the  galactic  center.  The  term  “dust 
lane"  has  been  used  rather  freely  in  this  chapter  as  the  bar  does  not  have  the  typical 


The  residual  velocity  field  shows  non-c 


offset  curved  dust  lanes  •. 


many  other  late-type  galaxies.  The  morphology  of  the 


i depict  from  Figures  3-6  and 


dust  distribution  in  the  southern  half  of  the  bar  is  easier  to 
3-1 1 than  the  northern  portion.  These  features  have  not  been  discussed  much  in  past 
investigations  of  the  galaxy  (Ball  1986  and  Hunter  et  al.  1990  saw  the  dust  patches  at 
the  ends  of  the  bar  only).  This  difficulty  in  identifying  the  dust  lanes  should  be  kept  in 
mind  when  the  analysis  of  the  gas  models  is  discussed  iu  Chapter  5. 

Finally,  a comparison  study  between  the  H 1 and  Ha  kinematics  have  shown  that 
both  species  of  hydrogen  have  similar  motions  throughout  most  of  the  galaxy.  The 
largest  differences  between  the  two  gases  are  at  the  bar  region.  For  the  first  30"  of  the 
area,  the  H 1 gas  is  moving  faster  than  the  H II  as  was  shown  in  the  last  section.  Based  on 
these  analyses,  it  appears  that  the  ionized  gas  is  affected  to  a greater  degree  by  the  local 
velocity  fields  of  the  H II  regions  that  appear  to  have  not  only  the  usual  circular  velocity 
component  but  also  radial  and  possibly  vertical  motions. 


CHAPTER  4 
STELLAR  DYNAMICS 
4.1  Introduction 

While  the  observation  of  galaxies  give  ns  a wealth  of  detail  about  the  objects  that 
populate  them,  their  morphologies  and  internal  dynamics  can  (and  at  times,  only)  be 
more  fully  understood  through  theoretical  considerations.  In  light  of  this,  Chapters  4 and 
5 will  be  based  on  numerical  simulations  in  that  the  basic  properties  of  stellar  orbits  and 
gas  flow  will  be  modeled.  Such  investigations  will  be  useful  in  explaining  the  distribution 
of  stellar  and  gas  densities  that  are  generally  regulated  by  the  motions  of  the  stars  and 
the  gases  that  follow  their  orbits.  A brief  excursion  into  tho  analysis  of  stellar  orbits 
within  the  plane  of  NGC  3359  is  made  in  this  chapter. 

The  morphological  features  that  stars  are  associated  with  can  often  be  related  to 
their  orbital  structures.  Good  knowledge  of  the  stellar  orbits  and  their  stability  in  the 
underlying  potential  of  the  galaxy  gives  valuable  information  for  the  morphology  and 
evolution  of  the  system.  The  study  of  stellar  orbits  is  therefore  not  only  an  investigation 
of  the  dynamics  of  the  current  system  but  it  also  offers  a glimpse  of  the  possible  future  of 
the  galaxy. 

Interesting  non-circular  orbits  are  created  with  the  Introduction  of  the  barred 
perturbation.  Many  of  the  important  theoretical  considerations  of  the  orbital  structures 
within  barred  galaxies  stem  from  the  works  of  G.  Contopoulos.  One  of  the  more  notable 
results  of  his  studies  is  that  bars  cannot  extend  beyond  corotation  and  end  close  to 
it.  In  Contopoulos  (1980),  it  was  shown  that  the  orbits  that  exist  outside  corotation 
were  aligned  anti-par  all'1!  with  the  bar  and  therefore  provide  no  structure  support.  Yet 
another  important  result  from  the  study  of  stellar  orbits  in  a barred  galaxy  comes  from 
Athanassoula  (1992a);  she  suggested  that  the  ratio  of  the  corotation  radius  to  the  bar 
radius  should  be  within  1.2  ± 0.2,  It  will  be  shown  in  this  chapter  that  the  orbital 
structures  within  NGC  3359  conform  to  the  both  notions. 


The  outline  for  this  chapter  is  as  follows:  Section  4.2  is  a small  overview  of  the 
theory  of  dynamics  of  a disk  system  Namely,  the  definition  of  cpicyclic  frequency,  effec- 
tive potential,  and  resonances  are  introduced.  The  importance  of  the  latter  phenomena  is 
also  discussed.  The  angular  rotation  rates  and  the  method  to  determine  the  resonances 
are  also  presented  in  this  section.  The  method  of  extracting  the  gravitational  potential  of 
NGC  3359  is  explained  in  Section  4.3.  In  Section  4.4,  the  method  to  finding  the  periodic 
orbits  and  their  stability  is  formulated  and  then  used  to  find  the  families  of  orbits  that 
support  the  bar  with  two  different  models.  The  first  consists  of  only  the  axisymmetric 
component  of  the  overall  potential  while  the  second  utilizes  the  full  potential  as  derived 
from  Section  4.3.  The  last  section  is  a summary  of  the  results  found  in  this  chapter. 

To  study  properly  the  orbits  of  stars  that  are  under  the  influence  of  a barred 
potential,  some  basic  and  fundamental  concepts  need  to  be  introduced  and  will  be 
presented  in  this  section.  Further  details  can  be  found  in  Bimiey  &c  Tremaine  (1987)  and 
in  Contopoulos  (2002), 

Assuming  that  the  reference  frame  of  study  is  corotating  with  the  bar,  the  equation 
of  motion  is  given  by 

r = V*  - 2(nb  X r)  - ilb  s (flu  » r).  (4.1) 

where  fin  = fit*  is  the  angular  frequency  of  the  rotating  system  (and  the  bar).  The 
second  and  third  terms  of  the  right  side  represent  the  Coriolis  and  centrifugal  forces 
respectively.  The  "energy"  of  a particle  in  the  rotating  frame  can  be  expressed  as 

Ei  s ifs  + 4-  - i |nb  x r|3  (4.2) 

and  is  an  integral  of  motion  known  as  the  Jacobian:  its  importance  will  be  shown  in  a 
later  section  of  this  chapter.  The  last  two  terms  of  Equation  4.2  are  typically  called  the 
effective  potential  4',  of  the  rotating  frame.  In  the  rotating  frame  of  reference,  there 
arc  five  positions  of  4',  called  Lagrangian  points,  that  are  of  special  interest.  At  these 
locations,  labeled  Li  to  Ls  in  Figure  4-1,  the  gradient  of  the  effective  potential  is  equal 
to  zero.  Ls  is  the  minimum  in  the  center,  Li  and  L i are  saddle  points  in  the  major  axis 
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Figure 4-1:  Eqnipotential  contours  of  an  effective  potential  'I1,  containing  tlie  logaritliinic 
(bar)  potential  (Equation  3-77)  of  Binney  & TVemaine  1987.  The  Lagrangian  points  are 
marked  Li  to  L&. 

of  the  bar  and  Li  and  Ls  are  the  maxima  along  the  minor  axis.  In  general,  I-i  and  Ls 
are  stable  and  Li,  I,J  unstable  points.  The  annular  region  defined  by  points  1, :.  1,2 ■ L,. 
and  Ls  makes  up  the  conflation  zone.  The  particles  within  this  area  remain  stationary  in 
the  rotating  frame  while  appearing  to  travel  in  circular  orbits  when  viewed  from  a fixed 

In  the  polar  coordinate  plane  of  the  frame  where  4*  = 'l'(r.  p,  z = 0),  the  radial  and 
azimuthal  components  of  Equation  4,1  are 

f - r<p*  = - + 2rviflt  + rflfc  (4.3) 

rip  + 2 rtp  = (4  4) 

respectively,  for  particles  that  do  not  travel  in  a circular  path,  their  orbits  can  be  con- 
sidered as  consisting  of  small  ellipses  (epicycles)  whose  guiding  editors  travel  circularly 
around  the  galactic  center  within  the  reference  frame  (as  in  the  simple  case  of  orbits  in 
an  axisymmetric  field).  For  the  axisymmetric  potential  4'o,  the  rate  at  which  the  particle 
executes  an  epicycle  is  called  the  epicyclic  frequency  « and  is  given  by 

k1  = r0  (^)  +4fiS  (4.5) 


where  Ho  is  the  circular  velocity  at  r0.  In  other  words,  Ho  = fl(ro).  where 


A moving  particle  in  the  rotating  frame  has  two  basic  frequencies:  n ami  Si  — Si*.  A 
resonance  is  established  when  the  ratio 

« = — <n-n*)  (4.6) 

is  rational.  Periodic  orbits  at  this  location  will  have  closed  orbits  after  in  revolutions 
about  the  galactic  center  and  n radial  oscillations. 

For  a bisymmetric  perturbation  like  a bar,  or  a bisyminetric  spiral  as  the  one 
observed  in  grand-design  spirals,  the  most  important  resonances  are: 

(1)  Corotation  (CR)  or  particle  resonance,  where  fl  = fl6; 

(2)  Inner  Lindblad  Resonance  (ILR),  where  n/rn  = 2/1;  and 

(3)  Outer  Lindblad  Resonance  (OLR),  where  n/m  = —2/1. 

It  should  be  noted  that,  depending  on  the  pattern  speed  or  potential  being  considered, 
there  could  be  one,  two,  or  no  ILR  (Figure  4-2);  also,  another  resonance  of  importance 
occurs  when  n/m  = -1/1.  This  4:1  resonance  is  frequently  mentioned  as  the  ultrahannonic 
resonance  (UHR). 

Resonances  play  a critical  role  in  determining  the  global  dynamics  in  a disk  galaxy. 
They  affect  the  stability,  the  orientation  and  the  morphology  of  the  periodic  orbits  in  a 
rotating  model.  Starting  with  a particular  periodic  orbit,  a set  of  such  orbits,  called  a 
family,  can  be  found  by  varying  a parameter  of  the  system  (e.g.,  the  Jacobian  constant). 
Fbr  2-D  barred  galaxy  models,  the  major  families  have  been  found  to  be  the  so-called 
X;  and  xe  families  of  periodic  orbits  (Contopoulos  & Grosbol  1989).'  The  xi  family 
has  elliptical  orbits  along  the  bar  and  in  standard  fast  2-D  rotating  systems  it  is  the 
main  family  supporting  the  bar  until  close  to  corotation  { Athanassoula,  1992a;  Combes 


1 in  3-D  models  of  barred  galaxies  the  role  of  the  planar  xi  family  plays  a tree  of  2-D 
and  3-D  families  called  the  “X|-tree"  (Skokos  et  al.  2002) 


Figure  4-2:  Frequency  curves  for  a Toomre  potential  ('Fo  — -1/ Vr*  + d£)  with  a = 1, 
The  constant  pattern  speed  S2&  is  denoted  by  the  horizontal  line  and  the  12— «/2  is  the 
bottom  carve.  The  lines  are  tangent  to  one  another  and  produces  one  ILR,  Two  ILRs 
will  exist  if  fis  intersects  the  Sl-a/2  at  a pair  of  points  (i.e.,  slower  rotation).  No  ILR 
exists  for  a faster  pattern  speed.  The  rotation  curve  of  the  disk  is  given  by  the  dotted 


et  ah  1995;  Contopoulos  1983;  Contopoulos  & Papayannopoulos  1980).  If  an  ILR 
exist,  then  the  X2  family  influences  the  dynamics  at  the  region  and  has  elliptical  orbits 
perpendicular  to  the  bar.  Beyond  corotation  and  out  to  the  OLR,  the  orbits  are  once 
again  perpendicular  to  the  bar  although  their  shapes  are  more  circular  than  elongated. 
This  is  one  of  the  main  arguments  in  favor  of  the  hypothesis  that  bars  caunot  extend  past 
the  CR  (Contopoulos  1980). 

Resonances  also  play  an  important  and  significant  role  in  the  study  of  galactic 
morphology.  If  their  positions  con  be  located  within  the  disk,  then  one  could  claim  that, 
to  a large  degree,  the  dynamics  of  the  system  are  understood.  Unfortunately  this  task 


data.  The  extent  of  structures  like  bars  and  spiral  arms  is  determined  by  the  locations  of 
resonances  (Contopoulos  2002  and  references  therein).  Nuclear  rings  like  those  observed 
in  ESO  555-11  Buta  ct  al.  (1999)  and  NGC  3489  (Erwin  & Sparke  2003)  appear  to  be 
located  at  the  ILR.  Inner  rings  like  those  observed  by  Buta  et  al.  (1995)  are  suggested 

UHR  in  barred  potentials 


> be  the  result  of  the  orbital  dynamics  at  and  just  beyond  the  ' 


(Patsis  el  al  2003).  Dust  lanes  are  predicted  to  change  from  being  un  the  inside  to 
tlie  outside  of  the  spiral  arms  near  the  CR  (Elmegreen  1998).  The  velocity  fields  of 
galaxies  are  also  affected  by  the  resonances  and  as  such,  some  authors  like  Canaian  (1993) 
and  TVemaine  k Weinberg  (1984)  have  tried  to  obtain  their  locations  from  kinematics! 
information.  However,  due  to  the  various  observational  constraints  and  limits,  these 


had  their  resonances  properly  obtained  while  the  rest  remain  unsolved  and  require 
theoretical  analysis  to  help  resolve  the  structure  of  their  morphologies. 

4.2.1  Derivation  of  the  Gravitational  Potential  of  NGC  3359 

The  underlying  potential  of  the  galaxy  is  the  single  most  important  datum  for  the 
theoretical  study  of  the  stellar  and  gas  kinematics  in  NGC  3359.  Information  about 
the  stellar  content  and  its  mass  distribution  plays  the  central  role  in  determining  the 
potential  as  the  latter  governs  the  gravitational  field  that  the  stars  dominate.  The 
procedure  that  is  employed  here  to  obtain  the  galactic  potential  follows  the  work  of 
Quillen  et  al.  (1994).  Their  Fourier  transform  method  creates  a model-independent 
potential  by  convolving  the  surface  mass  density  of  a deprojected  image  with  a function 
that  is  dependent  on  the  vertical  scale  height. 

The  first  step  of  estimating  the  potential  is  to  correct  for  inclination.  This  was  done 
by  stretching  the  image  along  the  minor  axis  by  a factor  of  1/cosi  so  that  the  galaxy 


shown  in  Figure  4-3.  In  the  program,  i = 52°  (the  disk  inclination  value  of  Chapters  2 
and  3)  and  ifi  = —10°  were  used  as  the  deprojection  parameter  values.  The  roundness 
of  the  outer  isophotes  shows  that  the  inclination  value  used  for  the  deprojectiou  is 
acceptable. 

The  vertical  scale  height  function  used  for  the  convolution  process  is  given  by 


: not  easily  identified  by  image  analysis.  Only  a handful  of  galaxies  have 


i.  The  result  of  performing  the  task  (using  TRANSFORM  in  GIPSY)  is 


(4.7) 
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Figure  4-3:  The  deprojccted  1-band  image  of  NGC  3359  from  which  the  gravitational 
potential  of  the  galaxy  was  extracted.  The  image  has  been  rotated  so  that  the  major  axis 
of  the  bar  is  aligned  with  the  y-axis  of  the  graph. 
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Figure  4-4:  Graphical  representation  of  the  Fourier  components  of  the  potential  listed  in 
Table  4-1.  Filled  triangles  and  opened  squares  represent  the  cosine  and  sine  terms  of  the 
components  respectively. 


whore  r is  some  radius  in  the  galactic  plane  and  the  vertical  density  profile 
to  one  (y^“pj.(z)  — 1).  It  is  assumed  that  the  vertical  distribution  of  the  : 


isothermal  disk  so  that 


p:(r)  = (1/25)  sech \z/h). 


The  term  h denotes  the  vertical  scale  height  of  the  disk.  In  Cartesian  coordinates,  the 
gra  it  it  o nl  field  of  the  galactic  plane  (that  the  stellar  kinematics  and  hydrodynamical 
models  will  be  based  on)  can  be  written  as 

*(z.y)  = -G /s(x'.y')s(i-i',y- y')dx'dy'  (4.9) 

where  E is  the  .surface  mass  density  (i.e.,  the  deprojected  image  has  unit  values  of 
M©  pc-2).  The  actual  convolution  process  was  made  by  multiplying  the  rectified  image 
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Figure  *1-6:  The  stability  diagram  of  the  axisymmetric  potential  case  for  NGC  3359. 
area  between  the  |o|  = 1 lines  represent  the  gone  of  stability. 


4.3  Periodic  Orbits  and  their  Stability 

Periodic  orbits  provide  the  backbone  structure  to  a disk  galaxy.  If  orbits  are  stable, 
then  they  will  trap  non-periodic  orbits  around  them.  However,  if  they  are  unstable, 
stochasticity  is  introduced  to  the  nearby  neighborhood  (Contopoulos  2002).  In  the  full 
bar  potential  the  x , orbits  are  elongated  along  the  bar  and  provide  support  when  the 
perturbation  is  added  to  the  total  potential.  For  example,  Patsis  et  al.  (1997)  found  that 
x 1 supported  the  bar  up  the  4:1  resonanoe-or  the  end  of  the  bar  in  the  case  or  NGC  4314. 
The  location  and  stability  of  periodic  orbits  in  a given  potential  4*  can  be  found  by  using 
characteristic  and  stability  diagrams.  Appendix  D gives  the  mathematical  derivation 
of  such  diagrams.  The  focus  for  the  rest  of  this  chapter  is  to  use  the  2-D  digrams  to 
investigate  the  central  family  of  orbits  within  NGC  3359. 

4.3.1  Axisvininetric  Case 


In  an  axisymmetric  potential,  the  x,  family  consists  of  direct  and  stable  orbits  that 
rotate  circularly.  The  family  is  also  comprised  of  the  main  n : 1 resonance  orbits  that 
are  simple-periodic  in  nature.  Figure  4-6  shows  the  stability  diagram  of  the  x\  family 
within  the  axisymmetric  potential  of  the  galaxy.  The  Henon  index  values  Huctuate 
between  the  lines  of  stability  limit  |o|  = 1.  These  lines  denote  the  transition  to  instability 
and  occurs  near  resonances.  It  can  be  seen  that  xi  Is  stable  everywhere.  As  marked 
in  the  stability  diagram,  the  m=  2,  3,  and  4 resonances  occur  at  energies  whose  radial 


distances  correspond  to  0.11,  0.98,  and  1.57  kpc  respectively.  The  spacings  between 
the  higher  order  resonances  become  smaller  as  one  approaches  the  CR.  The  separation 
between  the  last  marked  point  (the  4:1  resonance)  and  corotation  is  1.8  kpc.  Note  that 
the  quoted  distances  apply  only  to  the  axisymmetric  case  as  the  values  will  change  when 
the  nonaxisyiumetric  Fourier  components  are  added.  The  behavior  shown  in  the  diagram 
is  typical  for  disk  galaxies  with  axisymmetric  potentials  (Contopoulos  & Grosol  1986). 


Although  the  't2,  4*4,  and  *0  terms  of  Table  4-1  (or  Figure  4-4)  indicate  that  they 
are  rather  weak  as  compared  to  the  axisymmetric  component  of  the  potential,  their 
influence  on  stellar  orbits  is  significant.  In  this  section,  the  impact  of  including  the 


cosine  and  sine  terms  to  the  potential  will  be  explored  with  the  aid  of  stability  and 
characteristic  diagrams. 


resonance  has  shifted  toward  lower  energy  but  is  also  larger  in  size.  For  -51460  < 

Ej  < -51680,  a > 1.  The  intersection  of  the  the  stability  curve  with  the  a = 1 
axis  is  important:  either  a new  stable  (S)  or  unstable  (U)  set  of  periodic  orbits  are 
introduced  Into  the  system,  through  bifurcation  of  the  old  parent  family  at  the  point. 


The  new  set  will  inherit  the  periodicity  and  stability  of  its  progenitor.  When  aS-tU 
transition  occilis,  the  original  family  becomes  unstable  while  bifurcating  a new  stable 
family.  Conversely,  a new  unstable  set  of  orbits  is  introduced  into  the  system  after  a 
U -*  S transition.  For  the  case  at  hand,  an  “inverse  bifurcation"  (Contopoulos  2002) 
is  present  (i.e,,  the  new  branch  extends  toward  lower  energies).  However,  the  influence 
of  the  3:1  resonance  on  the  dynamics  or  the  system  is  only  local  and  hence  an  in-depth 
study  of  this  phenomenon  will  not  be  explored  here.  The  stability  ct 


family  that  bifurcated  from  tile  S -*  U transit 
the  diagram.  Near  the  4:1  resonance,  the  stabili 
by  the  non-axisymmetric  terms.  The  leveling 
atypical.  Near  the  *1:1  rc 


Ej  = -51455  has  been  plotted  in 
urve  has  been  noticeably  reduced 
ff  of  the  curve  at  the  4:1  resonance  is  noi 


x,  the  stability  curve  has  been  noticeably  reduced  by  the 


E. 


Figure  4-9:  Evolution  of  the  bifurcated  3:1  family  orbits.  Representative  orbits  from 
both  (t  and  t'J  branches  are  shown. 

non-axisymmetric  terms.  The  leveling  off  of  the  curve  at  the  4:1  resonance  is  not  atypical 
(Contopoulos  & Grosbol  1986,  1989:  Patsis  1991)  as  Patsis  k Grosbol  (1996)  have 
even  observed  similar  occurrence  in  their  study  of  3-D  galactic  models.  The  original  xi 
stability  curve  also  effectively  ends  at  this  region.  The  next  curve  starts  off  at  higher 
stability  value  and  ends  at  the  6:1  resonance,  much  like  Figure  8 of  Contopoulos  k 
Grosbol  (1986). 

Another  frequently  used  tool  for  the  study  of  the  orbital  dynamics  of  2-D  models 
is  the  characteristic  diagram.  It  gives  the  x coordinate  of  the  initial  conditions  of  the 
periodic  orbits  of  a family  as  a function  of  their  Jacobi  constant  Ej.  In  the  case  of 
orbits  starting  perpendicular  to  the  x axis  (pa  = 0),  with  y = 0 and  py  > 0,  only  one 
initial  condition,  r,  is  required  to  specify  a periodic  orbit  on  the  diagram.  Thus,  the 
initial  conditions  of  such  orbits  are  fully  determined  by  a point  on  the  characteristic 
diagram.  Initial  conditions  of  orbits  that  do  not  start  perpendicular  to  the  x axis  are 


Figure  4-10:  Progression  of  the  Xi  orbits  dose  to  the  4:1  resonance.  Orbit  B is  the  stellar 
orbit  at  the  x\  tip.  The  Jacobian  values  (in  units  of  km2  s~'!)  for  each  of  the  orbits  are 
as  follows:  A)  -47000,  B)  -46540,  and  C)  -45780,  respectively.  The  axes  are  in  units  of 
kpc. 

not  fully  defined  by  their  x coordinate.  In  these  more  general  cases,  the  representation 
on  the  (,Ej,x)  diagram  is  not  very  useful.  Owing  to  the  form  of  the  potential  used  to 
describe  the  potential  of  NGC  3359,  the  orbits  of  the  n family  do  not  have  p,  = 0 in 
general.  Nevertheless,  the  (£j,x|  projection  will  be  given  to  describe  the  evolution  of  the 
families  in  the  models.  The  curve  of  aero  velocity  (CZV)  line  in  Figure  4-8  denotes  the 
region  that  stars  may  travel.  At  this  line,  'h,  = Ej  and  so  any  star  on  the  CZV  lias  zero 
velocity.  Moving  from  the  lowest  energy  in  the  diagram,  the  x\  characteristic  branches 
up  the  x axis  mouotonically  with  increasing  Ej  until  the  the  4:1  gap  is  encountered.  At 
(Ej,  x)  = (-46540, 1.28),  the  tip  of  the  brandt  is  reached  and  the  curve  begins  to  deviate 
downward  with  increasing  energy.  This  gap  is  a typical  behavior  at  the  UHR.  There 
arc  two  classes  of  gap  associated  with  the  4:1  resonance  (Figure  lb  of  Contopoulos  & 
Grosbol  1989).  For  the  type  1 gap,  the  characteristic  has  no  maximum  peak  but  instead 
turn  upward  toward  the  CZV  and  a new,  but  unstable,  ii  family  forms  at  equal  energy 
but  with  lower  x values.  However,  if  the  characteristic  instead  readies  a maximum  x 
and  deviate  downward  then  type  2 gap  is  present.  The  new  Xi  brandi  can  be  found  at 
larger  x values  for  the  same  energy  but  it  is  also  unstable-i.e.tho  lower  pin  t of  the  curve 
is  stable  (Figure  2b  of  Contopoulos  1988).  The  4:1  gap  displayed  by  the  x,  characteristic 
curve  for  NGC  3359  is  type  2.  Beyond  the  gap,  a new  diaractcristic  curve  for  the  5:1 
and  6:1  family  appears.  This  characteristic  peaks  at  (Ej,x)  = (-45180, 1.4)  and  creates 
another  (6:1)  gap.  In  general,  the  central  family  will  have  gaps  at  all  even  resonances 
(Contopoulos  & Grosbol  1986). 


There  are  several  regions  in  the  two  diagrams  that  merit  closer  inspection.  The 
first  is  near  the  center  of  the  galaxy  where  two  families  have  the  equal  energy  (from 
Ej  = -57070  to  -56875)  but  different  initial  starting  positions  x.  Here,  the  x,  orbits 
lies  above  a smaller  subset  of  orbits  that  become  more  elongated  along  toward  the  minor 
axis  of  the  bar  ns  the  energy  decreases  (Figure  4-8).  These  orbits  are  similar  to  the  oi 
family  found  by  Patsis  et  al.  (1997)  that  start  out  as  ellipses  along  the  bar  major  axis 
and  fold  at  toward  the  minor  axis  for  lower  energies.  Although  these  orbits  are  stable  and 
periodic,  their  orbital  extent  and  energies  are  small  and  therefore  appear  to  play  a minor 
role  in  the  dynnmics  of  the  system. 


point  of  interest  as  it  is  a good  example  of  introducing  tho  concept  of  bifurcation  in  a 
dynamical  system.  Here,  the  system  corresponds  to  a potential  that  has  been  obtained 
directly  from  observations.  When  instability  occurs  at  the  odd  resonances,  two  bifurcated 
families  can  be  found,  just  as  shown  in  Figure  4-9.  Although  these  brandies  have  the 
same  stability  and  energy  values,  their  initial  (at.i)  are  different.  The  evolution  of  both  t 
and  t'  brandies  (Figure  4-9)  display  the  typical  mirror  behavior  for  tho  bifurcated  family 
(Contopoulos  & Grosbol  1989).  It  can  be  said  that  they  are  two  branches  of  the  same 


are  reminiscent  of  Figure  3b  of  Atliananssouln  (1992a).  The  top  panel  of  the  figure  gives 
the  maximum  distance  of  the  orbits  of  approximately  1.1  kpc  or  close  to  half  of  the  bar 
radius.  As  in  all  of  the  orbits  shown  here,  these  orbits  are  only  important  when  they  arc 

The  remaining  areas  of  examination  comprise  of  the  higher  order  resonances.  The 


orbits  of  Xi  start  to  develop  loops  around  the  tip  of  the  brandi  (Figure  4-10).  The 
5:1  family  is  bifurcated  from  the  4:1  family  and  Figure  4-11C  gives  an  example  of  its 
morphology.  This  family  has  a narrow  stable  part  (Figure  4-7)  between 46000  and 


its  morphology  is  influenced  by  the  6:1  resonance).  These  orbits  provide  the  longest 
projection  orbits  on  the  major  axis  of  the  bar.  In  essence,  the  4:1  orbits,  like  those  in 
NGC  4314  (Patsis  et  al.  1997),  define  the  limiting  radius  of  the  bar. 


Figure  4-11:  4:1  lo  6:1  stable  orbits  that  support  the  bar.  The  Jacobian  values  {ill  units 
of  km2  s-2)  for  each  of  the  orbits  are  its  follows:  A)  -45970,  B)  -45598,  and  C)  -45028, 
respectively.  The  axes  are  in  units  of  kpc. 

4.4  Conclusion 

The  goal  of  this  chapter  wits  to  find  the  simple-periodic  orbits  that  support  the  bar 
of  NGC  3359.  The  results  arc  consistent  with  the  Ej  value  expected  at  the  end  of  the 
bar.  Because  the  (deprojectcd)  radius  of  the  bar  about  2.3  kpc,  the  estimated  Jacobi 
constant  at  this  distance  is  approximately  -44300.  All  the  stable  periodic  orbits  that 
build  up  the  bar  structure  have  energies  less  than  this  energy  value.  Tile  makes  up 
the  predominant  'central’  family  of  such  orbits.  There  are  other  families  of  stable  orbits 
that  are  not  part  of  n but  also  partially  support  the  bar  (Figure  4-8).  These  orbits 
arc  formed  only  near  the  resonances  of  the  galaxy  and  as  such,  affect  the  dynamics  of 
the  system  locally.  The  last  set  of  orbits  that  have  the  longest  elongation  along  the 
bar  length  can  be  found  between  the  4:1  and  6:1  gap.  The  outer  structure  or  the  bar  is 
defined  by  tins  family  (within  Ej  = -46000  and  -45200);  the  rectangular-like  shape 
orbits  {Figure  4-12)  mimic  the  boxy  isophotes  near  the  ends  of  the  real  bar. 

The  derived  gravitation  potential  also  appears  to  be  a good  approximation  of  the 
true  potential,  because  the  shapes  and  extent  of  the  orbits  reproduce  the  light  contours  or 
the  bar  well,  including  the  observed  isophotal  twist.  1 conclude  that  the  theory  of  stellar 
orbits  applies  very  well  in  this  system.  Notice  that  in  the  case  of  a real  galaxy,  not  all 
stable  orbits  will  be  populated.  The  sense  or  rotation,  the  energy  of  a family,  and  other 
factors  such  as  a companion  determine  which  and  in  what  degree  the  stable  orbits  of  a 
family  will  be  populated.  One  is  justified  to  choose  the  stable  orbits  needed  to  construct 


Figure  4-12-  Representatives  of  the  stable  periodic  orbits  supporting  the  observed  bar 
morphology  in  NGC  3359. 

Finally,  the  same  orbital  analysis  has  been  applied  to  several  models  with  different 
bar  speed  values.  The  primary  result  of  applying  such  changes  is  that  the  location  of  the 
resonances  and  hence  the  length  of  the  bar  are  different  for  each  instance.  Faster  angular 
velocities  produced  models  with  shorter  bars  and  the  opposite  is  true  for  lower  values 
of  Os-  However,  the  dynamics  of  the  models  at  the  same  resonance  remains  similar. 

dp  d t of  the  location  of  the  resonance  on  the  disk.  The  model  presented  here, 
rotating  with  He  = 39.17  km  skpc-1,  places  corotation  at  3.5  kpc,  i.e.,  about  1.3  times 
the  length  of  the  bar.  This  important  result  should  he  kept  in  mind  as  we  proceed  to  the 
study  of  the  hydrodynnmical  models  for  NGC  3359  in  the  following  chapter. 


CHAPTER  5 

GASDYNAMICAL  MODELS 
5.1  Introduction 

Despite  its  relatively  small  contribution  to  the  overall  mass  of  a barred  spiral  galaxy, 
gas  is  a major  contributor  to  the  stability  and  evolution  of  galactic  structures.  The  beat 
generated  in  a spiral  galaxy  owes  its  origin  mainly  to  stars  which  exert  work  on  the  gas 
while  the  latter  radiates  aw«y  the  energy  and  tries  to  keep  tile  system  cool  and  stable. 

In  terms  of  evolution,  R-iedli  It  Martinet  (1993)  have  shown  that  a large  influx  of  gas 
driven  into  the  central  region  can  ultimately  lead  to  the  dissolution  of  the  bar  itself. 


structures  within  the  disk  also  appear  to  be  maintained  by  the  gas  content  or  the  galaxy. 
Specifically,  the  stellar  spiral  response  is  maintained  for  a longer  period  with  the  presence 
of  gas  and  its  cooling  property  (Lindhlad  199C).  Such  theoretical  findings  are  supported 
ohservationallv  hv  the  lack  of  spiral  structures  seen  in  gas-depleted,  early-type  barred 
galaxies.  Hence,  despite  their  low  mass  fraction  to  the  overall  galactic  mass,  the  existence 
and  evolution  of  gas  plays  a profound  role  in  the  structures  of  the  disk  systems  and 
merit  further  analysis.  Such  investigations  will  he  made  via  numerical  simulations  in  this 

Past  numerical  experiments  have  shown  that  the  general  response  of  gas  to  a 
gravitational  potential  can  be  predicted  if  the  families  of  periodic  orbits  in  the  underlying 
potential  are  known.  However,  gas  exerts  pressure  and  is  naturally  dissipative  and 
viscous.  These  characteristics  combine  to  alter  the  pattern  of  gas  Dow  near  resonances. 
Around  these  locations,  stars  can  cross  orbits  and/or  develop  loops  as  they  arc  considered 
to  be  collisionless.  However,  gas  is  confined  to  travel  on  non-crossing  orbits  (FViedli  Sc 
Bens  1993)  Consequently,  there  is  a gradual  shift  in  the  flowlines  which  causes  orbital 
crowding  and  shocks.  This  effect  has  been  attributed  to  the  creation  of  dust  lanes  seen 


Figure  5-1:  Deprojectcd  grayscale  images  of  the  A)  cold  atomic  and  B)  ionized  hydrogen 
in  numerical  simulations  (Athanassoula  1992b;  Euglmaier  k Gerhard  1997;  Hunter  et  al, 


Dibits  19S0).  Such  differences  between  the  stellar  and  gaseous  components  of  the  galaxy 
therefore  merit  different  modeling  techniques. 

Smooth  Particle  Hydrodynamics  (SPH)  is  the  numerical  method  used  in  this  chapter 
to  simulate  the  gasdynanlics  of  NGC  3359.  The  main  distinction  which  separates  it  (and 
other  hydrodynamical  programs)  from  stellar  N-body  codes  is  the  insertion  of  a damping 


(o.g.  viscosity  or  friction)  term  which  causes  a phase  delay  in  the  responses  of  the  gas 
orbits  to  the  periodic  driving  force  of  the  bar  (Wada  1994).  The  additional  term  causes 
the  damped  orbits  to  gradually  shift  in  their  orientation.  Such  numerical  simulations  of 
gasdyuaraics  in  barred  galaxies  have  been  performed  here  at  the  University  of  Florida 
for  the  past  three  decades.  In  simulating  the  gas  flow  of  the  barred  galaxies  NGC  1073, 
1300,  3359,  3992,  mid  4731  (see  e.g.  England  1986;  Hunter  1990  and  references  therein), 


successfully  the  observed  H I morphologies  mid  velocity  fields.  However,  their  method 
required  the  addition  of  mi  oval  component  to  the  mass  distribution  to  produce  spiral 
arms  at  large  radii.  It  will  be  shown  that  the  method  used  in  this  chapter  obviates  the 
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need  to  add  an  ad  hot:  component  to  reproduce  the  gas  distribution  and  velocity  field  of 
NGC  3359. 

The  outline  of  this  chapter  is  as  follows.  The  next  section  is  a brief  overview  of  the 

pattern  speeds  will  be  presented  and  analysed  with  the  observed  data  in  Sections  3 and  4. 
Results  and  conclusions  from  the  study  are  discussed  in  the  last  section. 


The  goal  for  this  phase  of  research  is  to  create  hydrodynamical  models,  the  proper- 
ties of  which  duplicate  the  observed  atomic  and  ionised  hydrogen  gas  component  of  NGC 
3359.  It  is  assumed  that  the  input  parameters  which  produce  the  best  fitting  models 


the  code  used  in  PA00  has  been  used  to  create  the  hydrodynamical  models  which  are 
discussed  below.  An  essential  part  of  this  work  has  been  performed  during  my  two  month 
stay  at  the  Academy  of  Athens  in  2002,  under  the  supervision  of  P.  Patsis.  The  details 
of  the  numerical  scheme  can  bo  found  in  Appendix  C.  An  extensive  test  of  the  properties 
or  the  code  was  performed  by  PAOO  who  also  found  the  following:  (1)  the  gas  response  is 
essentially  the  same  for  models  that  have  at  least  10*  particles.  The  only  significant  dif- 
ference between  simulations  with  small  and  large  number  of  sample  points  is  that  certain 
areas  will  contain  fewer  particles,  thereby  reducing  the  resolution  of  the  data;  and  (2)  the 
optimal  numerical  values  for  the  artificial  viscosity  is  (a,0)  = (1,2).  The  definitions  for 
o and  ft  me  given  in  Appendix  D.  These  results  me  used  in  all  of  the  models  analysed 
in  this  chapter.  In  addition,  the  code  has  been  tested  to  produce  identical  results  with 
those  in  Patsis  et  al.(1994),  and  Patsis  et.  al.  (1997).  The  SPH  program  was  shown  to  be 
consistent  with  another  extensively  tested  and  widely  used  hydrodynatnical  code  called 


5.2  Overview 


: actual  properties  of  the  galaxy.  A modified  version  of 


the  Flux-Splitting  second-order  accurate  scheme  (FS2)  (van  Albada  k Roberts  1981; 

The  starting  properties  used  at  the  beginning  of  each  simulation  are  as  follows; 

The  tadius  of  the  initial  two-dimensional  dish  of  gas  particles  is  between  10  to  12  kpc. 

The  gas  is  assumed  to  be  isothermal  anti  has  a sound  speed  of  10  kms'1 . Self-gravity  is 
not  taken  into  account  as  the  gas  is  assumed  to  be  tenuous.  The  particles  are  initially 
subjected  to  only  the  axisymmetric  part  of  the  potential  which  was  derived  in  the  last 
chapter.  There  are  typically  15.000  to  20,000  particles  at  the  beginning  of  each  run. 

The  non-axisymmetric  (i.e.,  barred  and  spiral)  perturbation  is  introduced  gradually 
and  linearly  so  that  the  gas  may  adjust  to  the  forcing  terms  within  two  to  three  pattern 
rotations  (llp).  The  particles  were  initially  set  on  circular  orbits  as  determined  by  the 
rotation  curve  obtained  from  the  axisymmetric  part  of  the  input  potential.  The  physical 
units  of  the  simulations  are  given  in  Table  5-1. 

After  each  model  was  created,  suapsbots  at  different  (time)  stages  of  the  simulations 
were  directly  compared  with  the  H I aud  H II  gas  morphologies  (Figure  5-1)  and  the 
H I velocity  field  (the  patchy  natnre  of  the  H II  velocity  field  prevented  its  usage). 

The  criteria  used  lo  test  the  accuracy  of  the  models  can  be  separated  into  two  broad 
categories: 

1)  Morphology:  The  surface  density  of  the  models  should  resemble  the  observed  gas 
(i.e..  H I and  Ho ) distribution.  Several  prominent  characteristics  of  NGC  3359  will  be 
used  to  compare  with  the  model.  These  are  the  inner  H I spiral  arms  and  the  pseudo-ring 
like  annulus  formed  by  the  two  structures.  The  depression  of  gas  density  within  the  bar 
region  should  also  be  present  in  the  snapshots. 

2)  Kinematics:  Velocity  information  exists  in  both  observable  and  model  data.  Thus, 
their  velocity  fields  can  be  used  to  check  for  qualitative  correspondence,  with  particular 
attention  paid  to  the  the  isovels  near  the  bar  and  spiral  arms.  Rotation  curves  taken 

tions,  only  the  gross  genera]  characteristics  of  the  models  are  inspected  for  the  goodness 


of  tht*  resonances  which  are  pointed  out  in  the 
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Figure  5-7:  Gas  response  of  Model  B (contour  lines)  at  t=l,15.  Explanation  of  A aud  B 
markers  is  givem  in  the  text. 

disk  is  the  cause  of  this  minor  discrepancy.  Conversely,  the  similarities  between  the  model 
and  the  observed  arms  show  that  the  disk  of  the  galaxy  has  no  significant  warping. 

There  is  also  good  correspondence  between  the  morphology  of  the  model  and  the 
observed  distribution  of  ionised  hydrogen  gas  in  NGC  3359  (Figure  5-7).  The  H 11  gas 
arms  are  fitted  especially  well  by  the  model  arms.  Several  of  the  density  maxima  in  the 
model  overlap  the  SF  rones,  particular  at  the  ends  of  the  bar  and  the  large  H ll  regions 
located  in  the  middle  of  the  eastern  arm  (region  A).  The  maxima  indicate  regions  of 
shocked  regions  where  gas  is  compressed  and  leading  to  formation  of  new  stars.  However, 
there  Is  no  observable  SF  region  which  corresponds  to  the  density  maximum  of  the 
western  arm  (region  B).  Both  A and  B are  persistent  areas  of  density  maxima  where  the 

5.3.3  Model  C 

The  angular  frequency  of  this  model  is  13.53  km  s'1  kpc'1.  Given  that  the  value  of 
the  pattern  speed  is  only  slightly  less  than  fl„  of  Model  B.  the  results  of  this  simulation 
do  not  differ  greatly  from  those  of  the  former.  Nonetheless  Model  C is  presented  here  os 
it  contains  many  similar  features  seen  in  the  real  galaxy. 

The  evolution  (Figures  5-B  and  5-9)  aud  morphology  (Figure  5-10)  of  the  model  once 
again  shows  that  the  density  maxima  lie  within  the  UHR.  Most  of  the  features  seen  in 
Model  B are  duplicated  in  the  present  case.  However,  they  exist  slightly  further  out  in 


Figure  5-8:  Evolution  of  the  particle  distribution  for  Mode!  C {with  if,  = 13.53  km  s_l 
kpc- ').  The  circles,  starting  from  the  innermost,  denote  the  radius  of  the  (deprojcctcd) 
bar  and  the  positions  of  the  UHR,  CR,  and  OLR. 


the  disk,  owing  to  the  slower  rotation  rate.  Consequently,  the  spiral  arms  are  marginally 
more  open  although  they  still  coincide  with  the  observed  gas  arms  quite  well. 

The  best  attribute  of  Model  C is  its  reproduction  of  the  point  where  the  eastern  arm 
brcaks/bifurcatcs  into  separate  segments  (arm  spurs)  in  the  northern  half  of  the  galaxy. 
The  separation  is  noticeable  in  both  data  sets,  though  it  is  much  easier  to  see  in  the 
Ha  intensity  map  (Figure  5-10B)  near  (*,#)  = (-3,3.5)  kpc.  Unfortunately,  the  coutour 
line  outlining  the  break  docs  not  trace  out  the  bifurcated  arm  (spur)  to  large  distances. 
This  feature  is  not  observed  in  Model  A or  B. 
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5.3.4  Model  D 

The  model  arms  are  uow  quite  flaccid  and  barely  overlap  the  real  gas  arms.  The  shock 
locations  at  the  ends  of  the  model  bar  have  been  shifted  counterclockwise;  throughout  till 
length  of  simulation,  the  density  of  the  two  regions  decrease,  to  the  current  observed  inor 
phology  of  Figure  5-11.  Thus,  the  gas  response  of  the  model  in  Figure  5-11  (and  also  its 
kinematics,  see  subsection  4.3)  indicates  that  lower  limit  of  has  been  exceeded.  Yet, 
the  primary  coucern  of  this  chapter  is  to  obtain  the  proper  flp  value  to  match  the  gas 
spiral  arms.  And  for  the  previous  two  models,  the  simulations  have  been  in  agreement 


Figure  5- 10:  Gas  response  of  Model  C (contour  lines)  at  t—  I . I 


with  observations.  However,  the  gas  response  of  Model  D differed  considerably  from  the 
observations  and  led  me  to  conclude  that  the  lower  limit  of  the  spiral  pattern  speed  has 

Note  that  although  the  snapshot  lime  for  Figure  5-11  is  only  at  t=U.78,  the  full 
bar  potential  time  was  sot  to  t=0.G4  to  produce  the  model  (for  a quick  inspection  and 
determination  of  the  pattern  speed  limit).  Hence,  the  model  is  as  dynamically  evolved  as 


the  others. 

5.3.5  Surface  Density  Radial  Profiles 

The  azimuthaliy  averaged  surface  density  profiles  for  various  snapshots  of  Model  B 
and  the  H 1 disk  are  presented  in  Figure  5-12.  The  initial  disk  of  uniformly  distributed 
particles  evolved  to  one  with  an  annulus  of  high  surface  density  located  between  2-4  kpc 


udo  H I gas-ring  (Chapter  2).  Farther 


out,  only  the  last  snapshot  of  the  model  (t=l.G4)  shows  a very  small  increase  in  the 
surface  density  corresponds  to  that  of  the  H l disk  near  7.0  kpc.  However,  it  can  be  seen 
tliat  the  radial  profiles  of  the  model  at  later  times  (i.c..  after  the  bar  perturbation  has 
been  fully  introduced)  are  qualitatively  similar  to  the  observed  H I gas  profiles  in  shape. 
The  density  contrast,  however,  is  higher  for  the  later  snapshots  than  the  actual  gas 
profile.  The  ratio  of  the  maximum  over  the  mean  value  for  the  H 1 profile  for  30"  < r < 
150"  is  approximately  1.18  while  they  are  1.60  to  1.94  for  the  last  three  profiles  of  the 


figure-  The  best  quantitative  match  is  from  the  snapshot  taken  at  1=0.90 


Figure  5-11:  Gas  response  of  Model  D (contour  lines)  at  t-0.78. 


Figure  5-13:  A)  Surface  density  profiles  of  Model  B at  1-11-90  and  B)  the  H i data  from 
the  major  axis  slice. 


Figure  5-14:  Major  axis  surface  density  profiles  of  Mode!  B at  t=0.90  (filled  triangles) 
and  the  Hi  data  (solid  lines). 


Figure  j - ; 7 Kopfesentative  example  of  ' hi-  gas  flow  patten.  .n  the  slow  models.  A)  H ft 
dolour*  1st  levels  of  2f03  and  6100  arbitrary  nails)  and  B)  II  i contoure  (at  i-wla  of 
10,9.  15.1,  18.4,  and  20.5  Me  pc*5)  on  the  vector  velocity  field  of  the  model. 


(Figure  5-13A)  where  the  ratio  of  max/mean  is  1.18.  Also  shown  is  the  major  axis 
surface  density  profiles  of  both  data  in  Figure  5-14.  The  cut  passes  through  the  ends  of 
the  liar  (the  inner  peaks)  and  the  spiral  arras  (the  outer  peaks  of  the  figure).  The  model 
profile  maxima  at  points  A-C  arc  less  than  250  pc  from  the  H I peaks.  The  largest  offset 
between  the  peaks  of  the  two  data  500  pc)  occurs  at  point  D.  There  is  also  a slight 


the  bar  have  higher  density  than  the  arms,  while  the  opposite  is  true  for  the  H I profile. 
The  difference  could  be  due  to  the  fact  that  no  additional  gas  particles  are  added  during 
the  simulation.  For  the  real  case,  H I gas  can  be  replenished  through  various  mechanism 
(e,g.  photodissociation  of  surrounding  He  clouds  from  OB  stars).  Similar  surface  density 


5.3.6  Gas  Flow  Pattern 


as  velocity  vectors  in  Figure  5-17.  The  orientation  of  the  gas  orbits  in  the  center  region 
region  is  aligned  with  the  x,  family  and  therefore  flow  parallel  to  the  bar.  The  vectors 
crowd  around  the  ends  of  the  bar  where  the  gas  particles  arc  shocked  and  (low  inward 
as  angular  momentum  is  lost.  Such  incidences  also  occur  around  the  inner  parts  of  the 
spiral  arms  Consequently,  there  is  good  analogy  between  the  crowding  of  the  Bowlines 


and  the  pos 
of  gas  that 
ill  low  density 


tions  of  the  H II  regions  (Figure  5-17A).  This  naturally  explains  compressions 
nstigate  the  formation  of  new  stars.  Other  areas  of  star  formation,  which  lie 


5.4  Kinematics 

In  this  section,  the  kinematical  information  of  the  models  will  he  compared  with 
the  observed  data.  The  model  velocity  fields  that  are  shown  have  been  projected  to 
the  same  sky  orientation  as  NGC  3359  and  convolved  to  15"  resolution  to  match  the 
detail  of  the  higher  resolution  data  of  the  21-cm  observations.  The  RMS  errors  (~  5 
km  s'1)  associated  with  velocity  values  given  here  are  due  to  the  convolution  process 
tliat  smoothed  down  the  original  velocity  values.  The  reader  is  advised  to  keep  in  mind 
that  the  bar  of  NGC  3359  is  considered  to  be  young  aud  forming  (Martin  & Roy  1995) 
and  it  is  unclear  which  features  of  a standard  bar  have  time  to  develop  properly.  This 
ambiguity  can  be  responsible  for  some  of  the  deviations  discussed  below.  In  addition, 
only  a qualitative  analysis,  like  those  performed  in  the  previous  section,  is  made  here. 
This  is  due  to  the  following  sequence  of  events  that  occur  during  the  simulations:  the 
SPH  particles  arc  shocked  as  they  move  around  the  center  of  the  galaxy  and  loose 
angular  momentum.  Consequently,  there  is  a continuous  streaming  of  particles  to  smaller 
radii.  And  because  there  is  no  replenishment  of  particles  during  the  simulations,  the 
comparison  of  the  kinematics  can  only  be  done  on  a qualitative  level. 

5.4.1  Model  A 

In  Figure  5-18.  the  velocity  fields  of  Model  A and  tile  21-cm  data  have  been  drawn 
on  the  grayscale  image  of  the  H I density  map.  Particular  attention  should  be  paid 
to  the  bar  region  (marked  by  the  circle  in  the  diagram),  as  the  pattern  speed  of  this 
model  is  the  same  as  that  of  the  bar.  Within  the  bar  dominated  region,  the  behavior 
of  the  model  Hovels  (particularly  those  west  of  the  galactic  ceuter)  is  similar  to  the  real 


panel  B.  However,  the  non-circular  effects  arising  from  streaming  motions  associated 


;n  A)  the  f!  = 39.17  kms~'  kpc  1 model 
convolved  to  the  15"  resolution  of  the  Hi  data  (b).  The  snapshot  time  is  t=0.807.  The 
circle  represents  the  bar  region 


Figure  5-19:  PV  slices  taken  along  the  major  axis  of  the  velocity  field  of  Model  A (solid 
line)  and  the  H I data  (filled  circles)  at  t=0.807. 


wit-h  the  bar  are  leas  severe  for  the  model  NE  and  SW  of  the  nucleus.  The  flowline  of 
the  H l gas  is  more  disturbed  than  the  simulated  gas  in  its  orbit  around  the  bar.  In  fact, 
the  isovels  in  all  of  the  models  show  that  the  gas  in  the  western  half  of  the  bar  region  is 
disturbed  considerably  more  than  the  opposite  side.  Thus,  the  zero  velocity  contour  is 
better  fitted  to  the  western  side,  owing  to  the  fact  that  it,  along  with  the  real  systemic 
velocity  contour,  does  not  intersect  the  minor  axis  fine.  Beyond  the  bar  region,  the  model 
velocity  field  shows  noticeable  discrepancies.  In  the  region  where  the  model  and  observed 
spiral  arms  mismatch,  the  isovels  likewise  do  not  match  each  other  (e-g.,  toward  the 
western  half  and  beyond  the  bar  radius).  Another  mismatch  is  the  location  of  the  oval 
contour  that  indicates  the  turning  point  of  the  rotation  curve.  Panel  A shows  that  these 
points  on  either  side  of  the  galaxy  are  located  further  in  than  observed. 

The  position-velocity  slice  taken  along  the  major  axis,  os  seen  in  Figure  5-19,  shows 
the  discrepancy  more  clearly.  The  fit  for  the  Model  A and  the  H I slices  is  good  only  for 
the  inner  25"  . Beyond  this  radius,  the  two  curves  diverge  strougly. 

The  following  conclusions  can  be  made  for  this  subsection:  (1)  the  velocity  field 
of  Model  A bears  close  resemblance  to  the  observed  velocity  field  within  the  region 
dominated  by  the  bar;  (2)  the  streaming  motions  of  the  region  tire  less  than  those  in  the 
real  galaxy,  as  seen  by  the  smoother  model  contours;  and  (3)  the  model  velocity  field 
is  less  credible  in  the  outer  disk,  as  expected  front  the  earlier  inspection  of  the  model's 
morphology.  Despite  the  stated  dichotomy,  this  model,  based  on  its  kinematics  wMin  the 
bar  region  only,  is  worthy  of  further  consideration. 

5.4.2  Model  B 

The  velocity  field  of  Model  B is  shown  in  Figure  5-20.  Overall,  the  eastern  side 
yields  a better  fit.  This  result  is  not  surprising  as  the  gas  response  (surface  density) 
of  the  model  matches  best  with  the  eastern  arm  of  the  galaxy.  The  bending  of  the 
isovels,  caused  by  streaming  motions  along  the  spiral  arms,  are  nicely  duplicated  in  the 
e to  le.  The  contours  in  the  NE  region  have  similar  kinks  but  tire  pulled  up 
toward  the  major  axis,  unlike  the  observed  data  that  bend  back  toward  the  minor  axis  at 
large  radii.  This  dissimilarity  owes  its  origiu  to  the  lack  of  sample  points  in  the  outer  disk 
of  the  model.  Subsequently,  the  convolution  process  used  to  smooth  the  image  to  15 
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Figure  5-20:  Velocity  field  comparison  between  A)  the  il  = 15.52  kins-'  kpc 
convolved  to  the  15”  resolution  of  the  H I data  B).  The  snapshot  time  is  t=0.( 


circle  represents  the  bar  region. 


Distonce  from  the  center  (kpc) 


Figure  5-21:  PV  slices  taken  along  the  major  axis  of  the  velocity  field  or  Model  B (solid 
line)  and  the  H J data  (filled  circles)  at  t=0.805. 


resolution  is  forced  to  convolve  blank  areas  with  nearby  points.  The  model  and  observed 
contours  in  the  west  are  matched  primarily  in  the  northern  half,  away  from  the  minor 
axis.  The  southwestern  isovels  are  similar  to  their  diametric  counterparts  in  that  the 
contours  develop  kinks  as  they  traverse  through  the  spiral  arm,  but  bend  back  toward  the 
major  axis  shortly  after  returning  to  a more  circular  flow  pattern.  The  aero  (or  systemic) 
velocity  contour  line  of  the  model  has  a form  similar  to  the  actual  line  but  appears  to 
be  an  extended  version  of  it.  For  example,  in  the  outer  disk  and  along  the  minor  axis, 
the  simulated  gas  flow  becomes  circular  at  about  r = 125",  30%  further  out  than  the 
corresponding  positions  in  Figure  5-20. 

Inside  the  bar  radius,  the  contours  are  twisted  into  the  typical  S-configuration.  The 
bending  of  the  Isovels  are  larger  than  that  of  Model  A.  It  can  be  deduced  then  that 
the  non-circular  perturbations  caused  by  the  bar  arc  larger  with  slower  pattern  speeds. 
Hence,  gas  flows  inside  the  bar  in  a more  elongated  manner.  Immediately  east  and  west 
of  the  galactic  center  and  on  the  aero  (i,e.,  systemic)  velocity  contour  line,  there  arc 
I at  i of  radial  flow  of  gas  along  the  minor  axis.  Inspection  of  the  minor  axis  slice 
through  the  model  shows  that  the  flow  of  gas  is  directed  radially  inward,  matching  the 
observed  H I inflow  first  seen  in  Figure  2-18C,  In  the  western  half  of  the  bar  region, 
the  greater  number  of  bent  model  isovels  indicate  that  the  degree  of  disturbance  in  the 
model  is  larger  than  the  H I velocity  Held.  Along  the  inner  edge  of  the  eastern  arm,  the 
tangential  streaming  motions  are  stronger  in  the  real  galaxy  than  the  model,  as  shown  by 
the  smooth  transition  of  the  isovels  through  the  arm. 

As  iu  the  analysis  of  Model  A,  a major  axis  slice  has  been  made  to  compare  mid 
contrast  the  rotation  curve  of  Model  B with  the  21-cra  data  (Figure  5-21).  The  rotation 
curves  are  still  qualitatively  similar  to  Model  A in  the  bar  region.  However,  the  II  t rota- 
tional velocities  in  the  outer  disk  are  much  better  fitted  with  Model  B.  Both  sides  of  the 
slice  show  a similar  velocity  drop-olf.  However,  the  velocity  peak  of  the  slice  along  the  SE 
part  of  the  model  appears  earlier  than  the  H I peak  (r  = 51"  and  80"  respectively). 

5.4.3  Models  C and  D 

Much  of  the  kinematical  conclusions  reached  In  last  subsection  can  be  applied  for  the 
Model  C.  The  increased  radial  How  of  gas  within  the  bar  region,  induced  by  the  slower 


pattern  speed,  lias  produced  a larger  disturbance  to  the  velocity  field  in  the  liar  region, 
lb  the  west  of  the  structure,  the  isovels  are  noticeably  skewed  more  so  than  the  east  in 
Models  A and  B and  extend  (unrealistically)  up  to  the  length  of  the  bar.  The-  eastern 
isovels  near  the  bar  also  begin  to  develop  kinks  similar  those  observed  but  to  a lesser 
degree.  Outside  the  bar  radius,  the  similarities  and  differences  exhibited  between  Model 
B and  the  H I velocity  field  arc  also  observed  for  Model  C.  Because  of  the  smaller  number 
or  particles  in  the  outer  disk,  the  velocity  field  or  Model  C (Figure  5-22)  is  smaller  than 
Model  B. 

The  major  axis  PV  plot  (Figure  5-23)  is  comparable  to  that  of  Model  B.  In  fact 
the  SE  part  of  the  slice  is  a better  fit  to  the  real  rotation  curve  of  the  galaxy,  especially 
where  the  model  curve  peaks  (9(1",  Figure  5-23). 

Comparisons  of  the  kinematics  of  Model  D with  the  observations  proved  unsatisfac- 
tory (much  like  the  model  gas  response,  Figure  5-11).  Fbr  example,  the  velocity  gradient 
within  the  model  field  was  larger  than  that  of  the  H 1.  This  discrepancy  is  yet  another 
indication  that  the  pattern  speed  of  Model  D is  the  lower  limit  of  Op. 

In  summary,  the  results  of  the  last  two  subsections  show  that  the  current  potential 
and  SPH  code  are  adequate  in  producing  gas  models  that  have  similar  kinematical 
responses  as  the  real  gases  within  NGC  3359.  The  velocity  field  of  the  bar  region  is 
sensitive  to  the  changes  in  the  the  pattern  speed.  From  the  simulations,  lower  values 
of  fl-  lend  to  induce  stronger  inflow  of  gas  within  the  bar.  This  in  turns  increases  the 
strength  of  the  bar  streaming  motions  and  therefore  the  bending  of  the  isovelocity 
contours  inside  the  region.  Athanassouln  (2003)  has  recently  found  that  the  bar  strengths 
of  her  models  increased  with  slower  pattern  speeds. 

The  kinematics  of  the  gas  in  the  outer  disk  is  less  responsive  to  the  variations 
offlp  but  shows  better  correspondence  with  the  Hi  velocity  field  than  that  of  Model 
A.  The  rotation  curve  of  the  galaxy  is  ulso  matched  well  by  the  models  of  the  last 
two  subsections,  with  Model  D being  the  lower  limit  of  Sip.  The  fit  is  most  notable 
outside  the  bar  radius.  Inside  the  stone  of  the  bar,  the  linearly  rising  part  of  the  curve  is 
qualitatively  similar  to  that  of  the  fast  model  (Model  A). 


These  resulls  are  in  agreement  with  what  has  been  round  in  Section  3 and  further 
highlight  the  inability  of  simulating  the  gas  Bow  within  the  galaxy  with  the  bar  pattern 
speed.  The  pattern  speed  that  is  required  to  properly  simulate  the  distribution  and 
kinematics  of  the  gas  in  NGC  3359  lie  within  the  range  of  values  used  to  construct 
Models  B-D. 


To  state  the  present  dilemma  succinctly,  NGC  3359  must  have  more  than  one 
pattern  speed  if  the  observed  and  model  aspects  of  the  galaxy  are  to  agree.  Stellar 
dynamics  demand  that  the  orbital  structures  of  stars  that  support  the  bar  not  extend 
beyond  the  corotation  radius  (where  chaotic  orbits  begin  to  dominate).  In  Chapter  4,  it 
was  demonstrated  that  the  bar  ends  somewhere  near  either  the  4:1  or  6:1  resonances,  well 
within  the  CR  for  a pattern  speed  of  39.17  km  s'1  kpc"1.  However,  that  same  pattern 

with  lower  pattern  speeds  were  required  to  duplicate  the  H I and  H It  surface  density 
morphologies  and  H I gas  kinematics. 

In  a multipattern  system,  simulations  (e.g.  Sellwood  & Spark.  1987:  Patsis  Si 
Kaufmann  1999.  hereafter  PK99:  Rautioinen  k Salo  1999,  hereafter  RS99)  show  that  the 
angular  frequency  of  the  bar  (Us)  is  greater  than  the  spiral  pattern  (fl.,).  In  addition,  the 
pattern  speed  of  the  bar  Is  expected  to  be  high,  in  order  to  support  observational  (e.g. 
Gcrssen  2002;  Aguerri  et  al.  2003)  and  numerical  (e.g.  Laine  1996)  studies.  Typically, 
there  are  three  cases  that  occur  when  the  rotation  rates  for  the  spiral  and  bar  patterns 
are  considered  in  conjunction  with  one  another:  (1)  the  patterns  are  rotating  with  the 
same  angular  frequency;  (2)  the  features  have  different  pattern  speeds  but  are  linked  by 
a non-linear  mechanism  (Sygnet  et  al.  1988;  Tagger  et  al,  1997);  and  (3)  the  angular 
frequencies  of  the  bar  and  spiral  arms  are  completely  independent  and  unrelated  (RK99). 

It  is  typically  accepted  that  the  observed  smooth  continuation  of  the  bar  and  spiral 
arm  structures  of  a Inured  galaxy  is  indicative  of  the  system  being  governed  by  a single 
pattern  speed.  However,  Sellwood  k Sparke  (1988)  have  demonstrated  that  the  bar  and 
spiral  arms  can  rotate  at  different  rates,  but  the  latter  can  still  appear  to  originate  from 
the  ends  of  the  bar.  Thggcr  et  al-  (1987)  suggested  that  such  systems  are  linked  causally 


through  i ion- linear  coupling  of  resonances.  NGC  3359  Inm  been  suggested  to  have  two  bar 
pattern  speeds  by  Sempere  (1999,  hereafter  S99).  The  values  of  the  pattern  speeds  of  the 
nuclear  bar  and  an  outer  bar  + spiral  components  used  by  S99  simulations  (Sip  = 100  and 
27  kin  5-'  kpc~ 1 respectively)  are  quite  high  as  compared  with  those  used  here.  It  is  also 
unclear  as  to  how  the  two  values  were  determined.  But  it  has  been  shown  here  that  in 


smaller  values  are  required. 

5.5.1  Argument  for  Two  Pattern  Speeds 

Figures  5-24  and  5-25  are  illustrative  examples  of  the  stellar  dynamics  associated 
with  Model  B.  Only  Models  B and  C will  be  discussed  here.  The  stellar  orbits  and  gas 


pattern  of  Mode!  D may  be  inferred  from  the  discussion. 

At  the  slower  pattern  speed,  the  simple-periodic  orbits  of  the  xi  family  extend 
relatively  far  out  Into  the  disk  of  the  galaxy.  The  tip  of  the  x,  branch  (Figure  5-24B)  is 
now  located  at  Ej  = -29037  (as  compared  to  Ej  = -46540  for  Model  A).  Owing  to 
the  form  of  the  potential,  the  orbits  process  with  different  Ej  or  radii.  Most  importantly, 
the  elliptical  Xi  orbits  exceed  the  radius  of  2.3  kpc,  which  is  the  extent  of  the  bar  in 
NGC  3359.  This  fact  is  further  emphasised  in  Figure  5-25  where  the  A-0  orbits  have 
been  plotted  against  the  radios  of  the  (stellar)  bar.  Figure  5-26  shows  the  flow  pattern 
of  the  gas  within  Model  B following  stellar  orbits  on  non-crossing  paths.  Both  the  gas 


cmphaxixe  the  irreconcilable  differences  that  arise  from  using  a single  pattern  speed  to 
simulate  the  galaxy.  Not  surprisingly,  the  tip  of  the  xi  branch  for  Model  C is  located  at 
a smaller  value  of  Ej  (-26352)  and  so  the  *,  orbits  extend  slightly  farther  out  than  in 
Model  B (Figures  5-27  and  5-28). 

In  NGC  3359,  the  angular  frequency  of  39.17  km  s'1  kpc"1  is  sufficient  to  described 
the  pattern  speed  at  which  the  bar  rotates.  Stellar  dynamics  as  well  as  the  inner  (bar) 
region  of  the  velocity  field  of  Model  A and  its  rotation  curve  have  shown  that.  Similarly, 
a value  range  between  II,  = 10.0(1  to  15.53  km  s~‘  kpc-1  provides  the  necessary 
ingredient  to  produce  the  models  that  match  the  outer  region  or  the  galaxy.  These  values 
are  linked  with  the  angular  frequency  of  the  bar  via  non-linear  coupling.  Thus,  the  Sl„ 


Figure  5-24:  Stability  A)  and  characteristic  B)  diagrams  of  the  simple-periodic  orbits  in 
Model  B.  The  letters  indicate  the  positions  of  the  orbits  that  are  plotted  in  Figures  5-25 
and  5-26. 

values  that  were  used  to  produce  Models  B-D  did  not  come  from  trial  and  error.  Rather, 
their  selections  tvere  guided  by  the  works  of  Tagger  et  al.  (1887)  and  Sellwood  & Spark* 
(1988).  The  non-linear  couplings  associated  with  the  current  models  are  discussed  in 
the  following  paragraph.  However,  a caveat  should  be  stated  beforehand:  resonance 
regions  determined  Irani  full  potentials  are  displaced  from  those  predicted  using  only  the 
axisyinmetric  part  of  the  potential  (a  discussion  of  this  offset  for  the  1LR  case  is  given  by 
Athanassoula  1992b).  In  some  cases  the  location  of  a resonance  can  be  inferred  only  by 
careful  study  of  the  orbital  dynamics.  Thus,  the  resonance  couplings  discussed  below  are 
only  approximate. 

lu  the  coupling  between  models  A and  B,  the  4:1  resonance  of  the  spiral  pattern 
coincides  with  the  OLR  of  the  bar.  This  scenario  is  similar  to  the  work  of  Moore  and 
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Figure  5-25-  Compilation  of  the  central  family  of  orbits  for  Model  B,  spanning  the  entire 
x,  characteristic  curve.  The  thick  dark  circle  denote  the  (deprojected)  radius  of  the  bar. 
Only  the  1-0  orbits  of  Figure  5-24  are  labeled. 


Figure  5-20:  Matcl  g nr  -s|  le  :e  between  the  computed  x,  orbits  and  the  gas 
Rowlincs  of  Model  B. 


Figure  5-27:  Compilation  of  the  central  family  of  orbits  for  Model  C,  spanning  the  entire 
XI  characteristic  curve.  The  thick  dark  circle  denote  the  (deprojocted)  radius  of  the  bar. 


Figure  5-28:  Matching  correspondence  between  the  computed  x,  orbits  and  the  gas 
flowlinos  of  Model  C. 


Table  5 2:  Properties  of  the  Gas  Moduli  of  NGC  3359 


Model  il,  [kin  s~ 


kpc  _1J  Notes 


Bor  pattern  speed 


OLR-4:l  bar-spiral  pattern  coupling 
1:I-ILR  bar-spiral  pattern  coupling 


4:1-ILR  bar-spiral  pattern  coupling  (see  also  $5.3.5) 


S99  IQO  + 27 


Bar  + oval  distortion  hybrid  model 
nuclear  bar  and  outer  bar+spiral 


Gottesmau  (1995)  on  NGC  1398,  where  it  was  proposed  that  the  GLR  of  the  liar 
coincides  with  the  ILR  (or  CR)  of  the  spiral  arms.  The  exact  coupling  between  Models 
A and  C is  less  clear,  as  one  can  argue  that  the  end  of  the  bar  is  located  at  cither  the 
4:1  or  at  the  6:1  resonance.  As  discussed  in  Section  4.3,  the  barrel-like  orbits  of  the 
4:1  family  that  exist  near  the  6:1  resonance  define  the  maximum  extension  of  the  bar. 
Thus,  the  ILR  of  the  slow  model  (C)  is  probably  coupled  with  the  4:1  rather  than  the 
6:1  resonances:  the  latter  is  an  upper  limit  for  the  bar  supporting  orbits  and  provides 
only  marginal  stability  for  the  associated  orbits  (Figure  4-7).  Stars  arc  also  unlikely  to  be 
trapped  by  orbits  that  are  stable  in  a very  narrow  energy  region,  and/or  being  marginally 
stable  (Palsis,  private  communication).  In  Diet,  and  owing  to  the  main  conclusion  made 
in  the  last  chapter,  it  would  be  more  appropriate  to  state  that  Models  A and  C are 
linked  by  the  resonance  that  defines  the  length  of  the  bar  and  the  2:1  resonant*  of  the 
spirals.  Support  for  this  possibility  is  provided  by  the  works  of  PK99,  who  produced 
realistic  N-body  models  with  two  spiral  modes  coupled  together.  The  outer  spiral  mode 
originates  from  the  4:1  resonance  of  the  inner  one.  Table  5-2  lists  the  non-linear  couplings 
associated  with  the  models  which  have  been  discussed  in  this  chapter. 

3.5.2  Searches  for  Multi-pattern  Sneed  Systems 

The  identification  of  resonances,  and  therefore  of  n,,,  by  direct  observations  using 
structural  features  is  a difiicult  task  in  itself.  Special  geometries,  projection  effects,  and 
other  observational  constraints  limit  our  ability  to  determine  a single  pattern  speed  for 
a galaxy,  much  less  two.  Currently,  the  Tremaine  & Weinberg  (1984:  see  also  Chapter 
1)  procedure  is  the  most  often  used  method  of  attempting  to  determine  pattern  speeds 
of  barred  galaxies.  Unfortunately,  the  procedure  is  mostly  limited  to  galaxies  of  early 


types  because  of  the  constraints  set  by  the  continuity  equation  upon  which  the  method  is 
based-  Thus,  current  attempts  to  determine  the  elusive  pattern  speeds  of  galaxies  are  still 
left  to  theoretical  considerations. 

The  difficulty  of  obtaining  a single  pattern  speed  unambiguously  naturally  explains 


investigations.  SeUwood  & Sparke  (1988)  have  suggested  it,  Tagger  el  al.  (1987)  and 
Sygnet  et  al.  (1988)  have  proffered  a method  (that  we  consider  here)  to  explain  its 
existence,  and  several  observations  have  suggested  galaxies  that  may  have  it.  Yet  the 
study  of  systems  with  separate  bar  and  spiral  pattern  speeds  has  been  slow  to  develop, 
although  the  field  has  grown  considerably  in  the  last  five  or  so  years  (e.g.  Bissantx  et  al. 


2008;  PK99;  RS99). 

The  two-dimensional  N-body  and  gas  model  analysis  performed  by  R99  is  of  specific 
interest  in  the  present  context.  Several  of  the  N-body  models  that  were  constructed 

Some  or  the  models  showed  amplitude-boosted  beat  modes  near  overlapping  resonances. 
Such  elevated  m = 0 and  m = 4 beat  modes  of  the  m = 2 component  are  believed  to 
be  indicators  of  non-linear  couplings  (Masset  & Thgger  1997).  but,  unlike  the  CR-ILR 


CR  and  4:1  resonances.  Moreover,  their  hydrodynamical  models  with  non-linear  mode 
coupling  featured  rings  or  pseudo-rings  and  multiple  spiral  arm  features  Unfortunately, 
none  of  the  models  resembled  the  gas  morphology  of  NGC  3359,  probably  because  not 
one  contained  the  OLR-4:l  or  4:1-ILR  coupling  that  has  been  proposed  here  to  explain 
the  two  pattern  speed  of  the  galaxy. 

One  final  result  that  requires  comment  is  the  emerging  importance  of  the  UHR  for 
bars,  along  with  the  Lindblad  and  corotation  resonances.  Not  only  do  strong  spirals 

nonlinear  coupling  for  some  multi-pattern  speed  systems.  Its  importance  in  spiral  systems 
has  been  addressed  in  Contopoulos&  Grosbol  (1986;  1989). 

Galaxies  that  could  have  more  than  one  pattern  speed  include  NGC  1008  and  1566 
(Bosma  1992),  NGC  1369,  NGC  2273  (RS99;  van  Driel  & Buta  1991)  and,  as  previously 


discussal.  NGC  1398.  Overall,  only  a handful  of  barred  galaxies  have  been  conjectured 
to  be  multi-patterned  systems.  Perhaps  the  most  obvious  candidates  are  barred  galaxies 
which  also  contain  nuclear  bars.  Indeed.  Friedli  & Martinet  (1993)  determined  that 
several  such  systems  contained  nuclear  bars  with  higher  angular  frequency  than  the  main 

5.5,3  Comparison  between  the  SPH  and  Beam  Scheme  Results 

in  this  subsection,  the  current  findings  will  be  briefly  compared  with  those  obtained 
by  Ball  (1992;  hereafter  B92).  But  flrst,  a short  review  of  the  methodologies  of  both 
techniques  will  be  given.  In  B92,  the  bar  potential  used  in  the  beam  scheme  method 
was  derived  from  an  I-band  image  like  the  one  used  in  Chapter  4.  In  fact,  the  actual 
potential  derived  from  the  image  was  that  of  a triaxial  bar  whose  geometrical  properties 
were  derived  from  fitting  elliptical  isophotes  to  the  surface  photometry  of  the  stellar  bar. 
Similarly,  tile  surface  brightness  distribution  or  the  bar  was  determined  by  separating 
the  light  contribution  of  the  disk  from  the  overall  observed  brightness  profile.  The  disk 
was  fitted  by  an  exponential  law  with  a scale  length  of  51.4"  (2.7  kpc)  (compared  to 
the  60.3"  or  3.2  kpc  found  in  Chapter  3).  Ill  his  simulations,  B92  used  a Generalised 
Mestel  disk  (GMD)  (Mestel  1963;  Hunter  et  al.  1984)  because  it  matched  the  nearly  flat 
outer  rotation  curve  of  the  galaxy.  One  final  component,  which  was  also  used  in  a set  of 
simulations,  was  an  oval  distortion  of  the  GMD. 

As  shown  in  the  last  chapter,  the  potential  used  with  the  SPH  code  was  derived 
from  the  Fourier  decomposition  of  the  1-band  image  which  has  been  convolved  with  a 
scale  height  function  described  by  Equation  4.7.  The  Quillen  et  al.  (1994,  hereafter  Q94) 
method  is  resourceful  in  terms  of  obviating  the  need  to  derive  individual  elements  that 
are  subsequently  added  piecemeal  to  create  a potential.  The  observed  bar  and  spiral 
components,  along  with  other  unforeseen  terms,  are  automatically  Incorporated  into  the 
derivation  of  the  gravitation  field  and  the  scale  height  function  actualiaes  a realistic, 
non-roro  thickness  disk  of  a galaxy. 

Of  the  three  sets  of  models  constructed  by  B92,  the  one  created  from  a bar  + oval 
distortion  potential  best  reproduced  the  observed  structure  and  kinematics  of  the  gas  in 
NGC  3359.  The  pattern  speed  used  to  create  these  models  was  33.9  km" 1 kpc" 1 The 


comparative  study  between  the  most  successful  representative  of  the  set  (of.  Fig.  9 of 
B92)  and  Models  B-D  yielded  the  following: 

1)  Morphologically,  both  numerical  simulation  techniques  are  able  to  duplicate  a bar 
region  of  lower  gas  surface  density  and  the  basic  spiral  features  of  the  galaxy.  The  spiral 
arms  of  both  methods  show  similar  winding  as  observations  for  small  radii.  However,  the 
arms  of  the  beam  scheme  are  wound  more  tightly  at  larger  radii  than  arc  the  observed 
arms.  It  is  unclear  how  the  matching  of  the  real  and  model  arms  were  made  by  B92,  but 
the  agreement  between  the  SPH  model  and  real  arms  have  been  shown  in  the  overlapping 
plots  of  this  chapter.  Furthermore,  the  SPH  models  are  better  at  reproducing  the  arms 
in  two  other  aspects.  First,  the  arms  start  from  the  ends  of  the  bar,  whereas  those 
produced  by  the  beam  scheme  begin  about  1 kpc  farther  out,  Second,  the  angle  between 
the  beam  scheme  model  arms  and  the  bar-arm  transition  is  larger  than  those  of  the  SPH 
simulations  nnd  observations.  In  general,  the  fit  to  the  gas  morphology  of  NGC  3359  is 
bettor  for  the  SPH  models. 

2)  Kinematically,  the  artificial  rotation  curves  are  in  good  agreement  with  the  real 
one,  as  arc  the  velocity  perturbations  in  the  outer  disk.  The  largest  difference,  arising 
from  comparing  the  velocity  fields  of  the  SPH  and  beam  scheme  models,  is  within  the 
bar  region.  In  Models  B-D,  bar  streaming  motions  are  clearly  observable,  especially 

in  the  western  half  of  the  bar  zone.  Such  non-circular  perturbations  are  not  visible  in 
the  triaxial  bar  plus  oval  distortion  models  although  strong  streaming  motions  were 
reproduced  by  the  bar-only  models  (cf.  Fig,  7 of  B92).  It  should  be  noted  however  that 
part  of  the  reason  why  the  isovels  are  smoother  in  the  inner  region  for  the  beam  scheme 
models  is  due  to  the  convolution  of  the  data  with  a larger  simulated  beam  (—18"  ) thau 
the  one  used  here  (15"  ). 

The  above  results  show  that  the  SPH  models  ate  at  least  comparable,  if  not  better, 
than  those  produced  by  Dr.  Ball.  However,  the  discrepancy  between  the  pattern  speeds 
for  each  method  remains  to  be  answered.  As  mentioned  previously,  B92  used  Slp  = 33.9 
km-1  kpc"1  for  the  best  models.  This  value  is  15.5%  slower  than  the  bar  pattern  speed 
derived  here  nnd  more  than  twice  the  angular  frequencies  or  the  spiral  pattern.  One 
other  major  factor  which  controlled  the  output  of  B92’s  results  was  the  bar  mass.  But 


this  physical  quantity  influenced  the  nou-axisymnietric  structures  withiu  and  slightly 

B92  also  stated  that  the  mass  was  also  strongly  dependent  on  the  pattern  speed.  Mass 
is  not  a free  parameter  in  the  SPH  simulations,  since  they  are  response  models  in  a fixed 
potential.  Hence,  the  emphasis  on  ilp  is  justified  in  this  discussion. 

Although  various  pattern  speeds  were  tried  to  Improve  upon  the  results  of  the  model 
fit  to  the  observed  data,  B!I2  found  that  only  minor  adjustments  could  be  made.  Slowing 
the  pattern  speed  by  as  8%  produced  a gas  bar  which  was  40%  longer  than  the  real  one. 
Conversely,  increasing  S2P  by  a large  increment  placed  the  CR  within  the  bar  (note  that 
B92's  estimated  bar  radius  is  5"  longer  than  the  one  used  in  this  dissertation)  in  addition 
to  forcing  the  spiral  arms  to  become  too  tightly  wrapped  (and  eventually  form  Into  a 

The  results  of  this  chapter  have  shown  similar  behavioral  changes  with  pattern 
speed.  The  range  for  the  SPH  models,  however,  arc  larger.  The  beam  scheme  and  SPH 
methods  are  variations  of  the  same  process  of  computing  the  gasdynamics  in  the  galaxy 
and  the  results  should  be  similar  to  one  another.  Hence,  the  variations  between  the 
results  produced  by  the  two  methods  must  lie  elsewhere.  The  primary  suspect  then  is 
the  potential  for  cadi  modeling  scheme.  The  one  which  was  used  by  B92  comprised  of 
two  components,  whidi  is  probably  a fair  assessment  of  the  general  properties  of  the 
underlying  potential.  However,  the  geometrical  properties  of  the  triaxial  bar  and  the 
oval  distortions  are  only  approximations  of  the  structures  themselves,  In  the  potential 
derived  here,  such  generalisations  are  limited  to  fewer  terms  (e-g.  the  disk  scale  length). 
The  combination  of  various  building  blocks  for  the  potential  is  also  avoided  in  the  Q94 
method.  Thus,  the  arbitrary  use  of  mi  oval  distortion  to  provide  the  tangential  forces 
to  drive  the  spiral  structure  is  not  needed.  It  would  also  be  interesting  to  see  if  other 
components  could  be  added,  or  used,  to  replace  the  oval  distortion  (i.c.,  a spiral  potential 
like  that  used  by  Lindblad  199C).  Thus,  it  is  possible  that  the  actual  potential  of  NGC 
3359  may  be  composed  of  more  than  two  components.  The  use  of  the  Q94  method  will 
at  least  contain  certain  aspects  of  the  additional  elements.  In  summary,  the  deficiencies 


whic.il  stem  from  the  B92  are  ameliorated  by  the  current  models  because  of  the  use  of  a 
more  uatural  derivation  of  the  underlying  potential. 

5.6  Conclusion 


been  modeled  with  the  potential  obtained  Irom  Fourier  analysis  and  the  smooth  particle 
hydrodynamics!  code.  The  procedure  and  results  are  improvements  upon  those  obtained 
by  B92.  The  SPH  models  are  better  at  (1)  producing  spiral  arms  which  attach  to  the 
ends  of  the  bar,'  (2)  the  turning  of  the  arms  at  the  attachment  points;  and  (3)  duplicating 
the  streaming  motions  near  the  bar  in  the  velocity  Helds.  Other  features  are  in  agreement 
with  those  of  B92. 

However,  the  most  important  conclusion  of  this  chapter  as  well  as  this  thesis  is  that 
NGC  3359  exhibits  two  pattern  speeds.  The  morphology  of  Model  A clearly  docs  not 
show  proper  gas  response  outside  the  bar  region.  The  arms  are  tightly  wrapped  and 
completely  fail  to  match  the  fairly  open  spirals  of  the  real  galaxy.  Kinematically,  the 
rotation  curve  is  credible  only  within  the  area  of  the  bar.  These  results  were  derived 
from  using  the  bar  pattern  speed  of  39.17km  s' 1 kpc*1.  To  model  the  gaseous  density 
and  velocity  Held  of  the  spiral  component  well  an  acceptable  value  somewhere  between 
I2ff  = 10.00  to  about  lfi.OO  km  s'1  kpc'1  should  be  used.  A value  from  this  range  will 
suffice  to  properly  explain  the  spiral  pattern  speed  that  is  connected  to  the  bar  pattern 
speed  via  non-linear  coupling.  In  Figures  5-25  to  5-28,  the  elliptical  orbits  of  the  Xi 
stars  extend  beyond  the  ends  or  the  liar.  And  although  the  orbits  do  lend  bar  support, 
it  should  be  kept  in  mind  that  they  also  shape  the  physical  structure  of  the  bar.  The 
doprojecled  images  of  the  bar  (Figure  4-3)  show  the  isophotes  are  not  elliptical  hut 
become  more  rectangular  at  large  radii.  This  result  is  exactly  what,  lias  been  shown  in 
Cliaptor  4 (and  in  part,  by  Athauassoula  1992a)  whore  the  x,  and  the  4:1  orbits  have 
similar  structures  at  larger  energies  using  the  fast  pattern  speed.  Recently,  Patsis  et  al. 
(2003)  and  Skokos  et  al.(2002)  observed  similar  behaviors  in  their  modeling  of  orbits  in 
3-D  bars.  Rectangular-like  orbits  or  the  xi  depend  mostly  on  the  pattern  speed;  fast  bars 
produced  more  elongated  rectangular  orbits. 


Figure  5-29:  Hybrid  combination  of  the  rotatiou  curves  of  Model  A and  Model  C. 


Thus,  in  order  to  conform  to  what  is  observed  in  the  real  galaxy,  the  study  of  stellar 
orbits  and  gasdynamics  must  first  agree  with  one  another.  This  can  only  be  done  by 
incorporating  a last  bar  with  a slow  spiral  pattern  via  non-linear  coupling.  A definitive 
coupling  between  which  resonances  of  the  two  structures  will  be  withheld  here  as  the 
resonances  can  be  close  to  one  another,  not  to  mention  that  the  models  show  similar 
responses  and  so  I am  unable  to  say  which  is  the  “best".  It  is,  however,  encouraging 


This  case  is  in  a way  related  to  the  best  model  produced  by  B92.  Within  the  bar  region, 
the  gas  can  be  driven  by  the  forces  produced  by  the  structure  itself,  while  just  beyond 
the  ends  of  the  bar,  the  spiral  potential  begins  to  dominate  the  outer  disk,  much  like 
the  role  of  the  oval  distortion  in  B92.  In  Figure  5-29,  a hybrid  combination  of  the  two 


resonance  coupling  scenario.  Finally,  the  combined  plot  of  the  orbits  for  Model  A (within 
the  bar  region)  and  C (outside  the  bar)  are  shown  in  Figure  5-30.  This  figure  is  a good 
represt  tat  on  of  the  structure  of  the  central  family  of  orbits  within  NGC  3359- 
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this  chapter.  The  information  is  then  combined  to  explain  the  physical  conditions  of  the 
nucleus,  the  bar,  and  the  disk  of  NGC  3359. 

6.1.1  21-cm  Data  Observations 

The  15”  and  30”  resolution  data  cubes  which  were  obtained  from  the  WSRT  in 
Holland  are  the  vital  pieces  of  information  of  the  galaxy  upon  which  this  research 
is  centered.  The  continuum  field  of  the  galaxy,  at  14.03"  x 12.80"  (0.75  kpc  x 0.68 

(specifically  within  the  two  major  giant  SF  regions  located  immediately  NE  and  SW  of 

The  nucleus  itself  is  not  a strong  emitter  of  the  21-cm  continuum  radiation.  Outside  the 
bar  region,  the  largest  21-cm  continuum  emanates  from  the  area  of  star  formation  located 
~ 94"  (5  kpc)  northeast  of  the  center,  with  a peak  intensity  value  of  0.95  mjy  (3.2  K). 
The  available  data  cannot  differentiate  between  the  thermal  and  nonthermal  components 


majority  of  the  continuum  field  is  composed  of  thermal  photons  emitted  by  the  ini 


azimuthully  averaged  surface  density  value,  12  M©  pc-2,  is  located  at  r — 68"  (3.6  kpc); 
the  H 1 scale  length  of  56.3  ± 1.9"  (3.0  ± 0.1  kpc)  was  obtained  in  Chapter  2.  The  total 
extent  of  the  gas,  as  determined  from  the  30"  data,  is  r = 450"  (24  kpc)  or  2.1  times  that 
of  the  photometric  scale  length  (RC3).  The  total  H I and  dynamical  inass  are  5.6  x 109 
and  1.0  x 10u  M©  respectively. 


The  kinematical  properties  of  the  galaxy  are  shown  in  Table  2-2.  It  is  not  so 

the  bar  and  spiral  arms.  However,  the  interesting  kinematical  signature  is  the  presence 
of  double  peaks  seen  in  the  rotation  curve  of  the  galaxy.  The  velocity  drop-off  between 

spiral  density  waves.  Owing  to  this  fact,  the  tangential  component  of  the  observe  radial 
velocities  become  smaller  and  produce  the  observed  double-peak  phenomenon. 

Lastly,  the  gas  companion  of  NGC  3359  found  by  Ball  (1986)  was  also  detected.  The 
major  axis  core  size  and  dynamical  mass  of  the  object  ore  2.8  kpc  and  1.3  x 108  M© 
(section  2-5).  Given  these  physical  attributes  of  the  satellite  and  its  location  from  the 

dynamical  effects  on  the  galaxy.  However,  a faint,  extended  bridge  between  the  satellite 
and  the  northern  H I gas  arm  can  be  seen  in  the  60"  image  convolved  from  the  30"  data. 

is  the  isophotal  twist  within  the  bar  region:  the  position  angle  of  the  fitted  isophotes 


near  the  center  of  the  structure.  Patches  and  filaments  of  the  interstellar  grain  criss-cross 
due  to  the  young  bar. 


Prominent  SF  regions  appear  to  affect  the  kinematics  of  the  surrounding  gas  near  their 
locations.  In  addition  to  having  high  velocity  dispersions,  the  regions  also  correspond 
to  the  peaks  observed  in  the  residual  velocity  field  map.  This  combination  hints  at  gas 
motions  which  may  be  flowing  not  only  in  the  plane  of  the  disk  but  also  vertically.  The 


winds  from  the  central  OB  stars  or  radiation  pressure  from  the  same  objects  (Relano  et 


1.  2003).  Unfortunately,  the  current  SPH  code  does  not  simulate  star  formation  and  is 


6.1,3  Stellar  Orbits  and  SPH  Simulations 

The  bar  of  NGC  3359  is  best  represented  by  a fast  bar.  lb  construct  a bar  model 

required.  The  build-up  of  stable  x\  family  of  orbits,1 *  showed  that  the  structure  could 
not  extend  beyond  the  6:1  resonance  of  the  galaxy.  In  fact,  the  boxy  isophotes  near 
the  ends  of  the  bar  suggest  the  presence  of  an  inner  4:1  resonance  at  this  region.  This 
scenario  fits  perfectly  with  a bar  ending  near  the  2.3  kpc  radius,  which  is  the  adopted  bar 


However,  the  gas  dynamical  model  which  rotated  with  the  same  angular  frequency 
value  as  the  bar  (Model  A of  Chapter  5)  failed  to  duplicate  many  of  the  features  seen 
in  intensity  maps  of  either  the  21-cm  and  Ho  data,  lb  produce  spiral  arms  which  show 
similar  pitch  angles  as  the  observed,  a model  with  a slower  pattern  speed  was  required. 
The  best  gasdyuamical  models  have  ilp  values  between  10.00  and  15.52  km  s-1  kpc'1. 
Surface  density  maps  and  the  velocity  fields  of  these  models  are  qualitatively  similar  to 
the  morphology  and  kinematics  of  the  real  gas.  In  summary,  these  slow  rotating  spiral 

6.2  Examination  of  the  Central  Region  of  NGC  3359 
The  center  of  NGC  3359  is  perhaps  the  most  mysterious  region  of  the  galaxy.  There 
is  no  noticeable  bulge  component,  as  evidenced  by  the  isophotal  analysis  of  the  stellar 
images  in  Chapter  3.  A hard  x-ray  source  near  the  nucleus  has  been  observed  by  the 
Roentgen  satellite  (ROSAT).  The  color  index  images  (as  well  as  Figure  3-6)  show  that 
the  nucleus  of  the  galaxy  is  covered  in  dust.  Braine  & Combes  (1992)  estimated  the  H2 
mass  within  the  nucleus  to  be  approximately  2.5  X 107  M©.  The  nucleus  lacks  any  central 
Ho  emission;  the  H 1 density  of  the  core  is  also  low,  as  compared  to  the  surrounding 
pseudo-ring.  SPH  gas  particles  naturally  drift  into  the  center  of  the  models  after  being 


1 Although  chaotic  orbits  are  known  to  support  the  bar  structure  also  (e.g.  Patsis  et 

al.  1997)  they  were  not  considered  here. 


shocked  and  slay  there;  hence,  analysis  of  the  nuclear  region  of  tile  models  oiler  no 

observations  are  needed  for  this  part  of  the  galaxy.  Comparisons  between  Ho  and  CO 
data  (and  dust)  are  more  appropriate  for  the  region  and  for  the  investigation  of  star 


approximately  18".  This  large  difference  is  real  and  cannot  be  caused  by  projection 
effects.  The  cause  for  the  discrepancy  is  given  in  the  subsection  6.3.1.  The  adopted 
length  of  the  bar  is  86"  (4.6  kpc)  as  determined  by  Aguerri  et  al.  (1998).  There  is  no 

ends  of  the  Ho  bar.  Color  index  maps  show  the  bar,  and  its  surrounding  neighborhood, 

hereafter  MR95)  are  major  contributors  to  the  interstellar  reddening. 

Much  of  the  21-cm  radio  continuum  coincides  with  the  intense  H II  regions  which  lie 

synchrotron  radiation  from  supernovae  cannot  be  entirely  discounted.  Measuring  the 

2-  and  6-cm  observations,  arc  needed  to  construct  the  spectral  index. 


pseudo  gas-ring,  This  feature  was  reproduced  by  the  SPH  models  B and  C.  The  H II  gas 
of  the  Ha  bar  Is  highlighted  by  three  of  the  most  intense  SF  regions  within  the  galaxy 
(Figure  3-7);  the  deprojected  distances  of  the  two  strongest  emission  peaks  are  located 
12*(2  (648  pc)  NE  and  15?5  (825  pc)  SW  of  the  galactic  center,  respectively.  The  southern 

the  young  forming  bar  (MRS5),  is  conspicuous  in  various  stellar  images. 

Classical  linear  dust  lanes,  as  seen  in  other  galaxies  (e.g.  NGC  1300,  1365,  and 
7479),  do  not  exist  in  NGC  3359.  The  most  distinguishable  region  of  dust  lies  in  the 


re  before  ending  near  the 


southern  half  of  the  bar  (Figure  3-6)  wl 

galactic  center.  As  dust  lanes  ar 
perpendicular  to  the  bar  and  through  the  regions.  From  the  beam  smoothed  data, 
velocity  jumps  up  to  50  km  s-1  were  observed.  Higher  resolution  data  should  provide  us 
with  a better  estimate  of  the  true  values. 

The  overall  dust  distribution  is  best  seen  in  the  color  index  image  of  Figure  3-12 
and  again  in  Figure  6-1  where  the  Ha  image  has  been  added  as  overplotted  contours. 

The  location  of  the  two  strongest  H li  regions  in  the  galaxy,  labeled  1 and  2.  (cf.  Figure 
3-7)  are  obscured  by  extinction  to  a lesser  degree  than  others  along  the  bar.  Of  more 
importance  are  the  locations  of  the  star  formation  xoncs  in  relation  to  the  dust  region  of 
the  bar.  Figure  6-1  shows  that  the  H II  regions  lead  the  dust  in  the  sense  of  rotation.  The 
offsets  are  caused  by  the  passage  and  compression  of  gas  in  the  shocks  and  its  subsequent 


collapse  and  formation  of  stars  that  occur  downstream.  This  suggests  that  the  azimuthal 
streaming  motions  of  the  gas  may  be  high-a  possibility  enhanced  by  the  fact  that  the  bar 
is  still  forming  and  that  the  gas  is  circulating  in  ellipitical  orbits  within  the  region  (Ftiedli 
lit  Martinet  1993).  Let  us  assume  that  the  largest  (projected)  displacement  between 


the  H II  regions  on  the  bar  and  the  dust  lanes  (lying  along  the  major  axis  of  the  stellar 
bar)  is  18°.  Then,  if  both  features  have  the  pattern  speed  of  the  bar,  and  accounting  for 


Dust  lanes  were  also  simulated  in  the  SPH  models  and  were  seen  in  some  of  the 

as  the  initial  disks  were  populated  homogeneously  with  gaseous  particles.  Although 

constructed  mainly  to  investigate  the  spiral  structure,  cannot  be  used  for  a detailed 
comparison  with  the  observed  dust  distribution.  Nevertheless,  a nonlinear  perturbation 

a few  pattern  rotations  (Englomaier  & Gerhard  1999;  Patsis  & Atlionassoula  2000). 
6.3.2  Kinematics  of  the  Bar  Region 

Individual  discussion  of  H I and  H It  gas  kinematics,  as  well  as  their  comparisons. 
5-17,  5-26,  and  5-28)  clearly  show  the  elliptical  streamlines  of  the  gas  within  the  bar 
of  the  galaxy.  Indeed,  by  subtracting  the  best  circular  model  irom  the  observation, 

westeni  side.  This  feature  was  also  reproduced  successfully,  as  shown  by  the  stronger 


bending  of  the  isoveis  on  that  half  of  the  model  velocity  fields  (e.g.  Figures  5-18). 


The  radial  distribution  of  the  H I gas  is  approximately  7.2'  (23  kpc)  in  radius  or 
twice  that  of  the  optical  disk  (217"  in  blue  magnitude,  RC3).  This  is  also  the  extent  of 
the  Ha  emission.  The  main  H I disk  is  larger  than  the  optical  disk  by  nearly  20%  and  its 


ends  of  the  main  disk,  extend  the  H I disk  out  to  the  maximum  radius.  Owing  to  the 
limited  extent  of  the  gravitational  potential  extracted  from  the  1-band  stellar  image,  these 
outer  spiral  entities  could  not  be  modeled.  It  would  be  very  interesting  to  see  whether 

another  pattern  speed  to  produce  the  outermost  gas  arms. 

and  is  less  asymmetric  than  the  ionised  gas.  The  global  symmetry  of  the  H I gas  is 
apparent  in  Figure  2-8.  The  southern  part  of  the  western  arm  contains  more  SF  regions, 
thereby  making  the  Ha  field  asymmetrical.  The  eastern  Ha  and  stellar  arm  fragments 
into  smaller  individual  arms  in  the  northern  half  of  the  galaxy.  This  phenomenon  led 
Elmegrcen  it  Elraegreen  (1982;  1985)  to  classify  the  galaxy  as  a multi-arm  system.  On 
the  whole,  the  arms  were  modeled  well  by  the  SPH  simulations  that  rotated  with  a spiral 
pattern  speed  within  the  range  of  10.00  to  15.52  km  s-1  kpc  ' 1 . 

The  color  difference  maps  of  Chapter  3 show  that  the  arms  are  also  somewhat 
reddened  owing  to  the  presence  of  dust  regions.  These  are  readily  observable  in  the 
R-I  map  and  more  so  in  Figure  10  of  Rosas  ct  al.  (2000a).  There  is  also  an  additional 
reddening  factor  caused  by  the  diffuse  component  of  the  Ha  emission  that  covers  the 
entire  optical  disk  (Rozas  et  al.  2000a);  the  wavelength  of  this  emission  overlaps  the 


Azimnthally  averaged  radial  profiles  of  the  H I and  H II  surface  density  maps  show 
peaks  just  beyond  the  bar,  where  the  pseudo-ring  is  located.  At  larger  radii,  the  radial 
distribution  of  both  elements  exponentially  fall  off  with  scale  lengths  of  3.0  and  1 .9  kpc 
(Rozas  et  al.  2000a)  for  H I and  H II  respectively. 

The  positions  of  the  cold  gas  correspond  well  with  the  ionized  gas.  There  is  interest 
in  whether  the  density  peaks  of  the  two  gases  should  overlap.  However,  two  partly 


edge  is  relatively  sharp.  Two  pure  gas  arms,  originating  from  the  eastern  and  western 
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hydrogen  gases  in  NGC  3359.  The  levels  of  the  isodensity  contour  lines  are  as  follow: 
dotted  — 6.5  and  9.0;  blue  — 11.0  and  13.0;  green  = 15.0  and  17.0;  and  red  = 19.0  and 
21.0  M®  pc-*.  See  Section  6.1  for  explanation  of  the  thick  circle  located  SE  of  the  galac- 
tic center.  The  beam  of  the  21-cm  data  is  given  at  the  bottom  right  corner  of  the  figure. 


contradictory  effects  make  the  solution  to  the  problem  difficult  to  obtain.  On  the  one 
hand,  ionization  of  the  H I gas  should  reduce  its  column  density  near  the  H tl  regions. 

But  at  the  the  same  time,  UV  photons  from  hot  stars  in  the  area  will  dissociate  the 

This  second  effect  has  been  noticed  by  Zurita  et  al.  (2002)  for  NGC  157.  A preliminary 
and  cursory  inspection  of  Figure  G-2  showed  that  the  H I and  H II  peaks  do  not  overlap. 
However,  the  resolution  difference  between  the  two  data  is  an  order  of  a magnitude  and 

those  obtained  from  the  A or  B configuration  of  the  VLA)  should  be  compared  with  the 

Overall,  the  flow  of  gas  within  the  outer  disk  of  NGC  3359  is  circular  except  near  the 


s.  Non-circular,  beam-smoothed  velocities  as  high  as 


the  spiral  arms.  Slowly  rotating  gas  models  produced  similar  effects  near  the  simulated 


arms.  Along  the  minor  axis,  both  species  of  gas  under  study  show  strong  radial  inflow 
(^40  km  s-1)  from  the  eastern  arm. 

6.5  Final  Words 

By  far,  the  most  important  result  of  this  research  is  that  NGC  3359  has  two  pattern 

could  open  up  an  avenue  for  further  discoveries  of  separate  bar  and  spiral  speed  systems 
(not  to  mention  new  insights  and  concepts  for  the  field  of  galactic  astronomy).  Indeed, 
the  galaxy  cannot  be  unique  in  this  distinguishing  characteristic.  But  only  a few  galaxies 

support  the  claim  as  does  NGC  3359. 


While  many  of  the  basic  questions  such  as  the  mass,  distribution,  and  general 
kinematical  and  dynamical  properties  have  been  answered,  there  remain  some  issues  that 
should  be  addressed.  The  following  are  some  directions  for  possible  future  research  that 
would  make  the  study  of  NGC  3359  more  complete. 

7.0.1  Observations 

Since  the  primary  aspect  of  this  research  concerns  the  kinematics  of  the  gases  within 
the  galaxy,  the  most  important  observation  that  is  required  for  NGC  3359  currently  is 
higher  resolution  and  better  sensitivity  mapping  of  the  H 1 gas.  Obtaining  the  A-  and 
B-array  VLA  data  would  allow  for  greater  detailed  study  of  H I gas  clouds  near  the 
H II  regions.  Such  observations  would  also  aid  in  determining  whether  there  are  similar 
signs  of  out-of-plane  motions  near  the  intense  SF  antes  for  the  atomic  hydrogen  gas.  In 
addition,  the  strong  non-circular  velocity  perturbation  across  both  the  bar  and  the  spiral 
arms  can  be  investigated  more  accurately. 

It  would  also  be  quite  beneficial  to  obtain  stellar  kinematics  from  the  new  gen- 
erations of  imaging  instruments  such  as  SAURON.  Such  data  would  provide  the  key 
comparison  data  for  the  study  of  stellar  orbits  as  well  as  N-body  models. 

As  it  has  been  shown  in  previous  observations,  the  galaxy  produces  only  weak  CO 
emission.  Combined  with  the  low  III  density  and  a lack  of  Hii  region  in  the  center, 
the  nucleus  of  this  galaxy  is  still  largely  a mystery.  The  color-difference  maps  have 
shown  that  the  area  is  deeply  veiled  in  dust.  Deeper  observations  of  the  galactic  center 
with  the  Hubble  Space  Telescope's  NICMOS  (Near  Infrared  Camera  and  Multi-Object 
Spectrometer)  camera  is  needed  to  study  this  region  in  subarcsecond  resolution. 

Finally,  in  order  to  obtain  separate  the  radio  continuum  into  its  thermal  and 


This  will  allow  for  reliable  estimates  of  the  spectral  index  as  well  the  rates  of  star 
formation  and  supernovae. 

As  this  galaxy  contains  two  pattern  speeds,  the  present  SPH  codes  that  are  known 
to  exist  will  not  be  adequate  to  perform  the  proper  gas  flow  within  the  galaxy.  Thus,  the 
most  pressing  issue  at  hand  is  the  construction  of  a new  hydrodynamical  algorithm  that 
can  account  for  multiple  pattern  speeds.  .Self-gravity  as  well  as  star  formation  should  be 
included  into  the  program  as  both  will  be  important  near  highly  compressed  and  dense 
gas  regions.  Furthermore,  the  models  should  be  three-dimensional.  Not  only  will  this 
help  to  answer  whether  vertical  gas  motions  can  indeed  be  observed,  but  the  tentative 
existence  of  “beards"  seen  in  the  P-V  plots  could  also  be  resolved.  It  should  also  be 
determined  whether  a halo  component  is  needed  and  if  so,  how  much.  Certainly,  the 
various  parameters  inherent  to  hydrodynamical  codes  (such  as  viscosity  coefficients  and 
the  bar  growth  rate)  should  be  testod  In  future  runs.  To  further  increase  the  resolution  of 
the  models,  more  particles  should  also  be  included.  Finally,  a similar  statement  can  also 
be  made  for  a new  code  that  determines  the  orbits  of  stars  in  a model  rotating  at  two 
different  angular  frequencies. 

Further  refinement  of  the  models  can  also  be  made  by  improving  the  working 
potential.  For  instance,  longer  wavelength  1R  images  of  the  galaxy  could  improve  the 
approximation  of  the  underlying  gravitational  field.  In  addition,  simulations  with 
disk  inclination,  vertical  scale  height,  and  M/L  ratios  other  than  the  ones  used  in  this 
dissertation  should  be  utilized. 


APPENDIX  A 

21-CM  ATOMIC  HYDROGEN  EMISSION 
Atomic  hydrogen  in  the  ground  state  is  the  basic  form  of  the  most  abundant 
substance  in  the  Universe.  Its  spectral  line  detection  was  first  made  by  Ewen  k Purcell 
in  May,  1951  after  van  der  Huist  (1945)  predicted  its  existence  six  years  earlier.  In  the 
ground  state,  the  electron  of  the  atom  exists  in  hyperiinc  structure  whereby  its  spin  can 
be  either  parallel  (total  angular  momentum  F = 1)  or  antiparallel  (F  = 0)  to  the  spin  of 
the  proton.  This  gives  two  possible  electron  energy  configurations.  Slightly  more  energy 
is  required  for  the  electron  to  be  in  the  parallel  state  due  to  the  repulsion  between  the 
proton  and  electron  than  the  antiparallel  state.  The  energy  difference  between  the  two 
states  is  approximately  6 x 10"°  eV  (corresponding  to  a photon  of  frequency  1.4204  GHz 
or  21.106  cm  in  wavelength), 

Collisionat  excitation  and  de-excitation  between  H I atoms  is  the  main  method  in 
which  the  electrons  acquire  their  hyperfine  states  (although  absorption  and  emission  of 
21-cm  photons  also  contribute).  In  a typical  ISM  environment  with  density  N = 1 cnT 
and  T = 100A',  the  hydrogen  atoms  have  a mean  free  path  (f)  of  1 x 1015  cm  while 
moving  at  speeds  of  10  - 15  km/s.  The  time  between  collisions  is  therefore  l/v  ss  10l°  s. 
Thus,  excited  H I atoms  undergo  collisions!  de-excitation  about  every  300  years.  This 
rate  is  much  faster  than  the  spontaneous  emission  of  21-cm  photons  by  isolated  atoms. 
The  probability  for  such  transition  is  given  by  the  Einstein  coefficient  An  whose  value  is 
2.86888  x 10"16  s-1  or  once  every  107  years.  Nonetheless,  radio  telescopes  will  observe 
photons  produced  by  both  processes  as  there  are  vast  abundances  of  interstellar  hydrogen 
along  the  line-of-sight.  Additional  21-cm  line  emission  can  also  originate  from  the  warmer 
(above  1000  K)  gas  of  near  star  forming  regions. 
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Due  to  the  large  scale  variation  in  velocities  caused  by  differential  Galactic  rotation, 
the  profile  lines  or  the  hydrogen  atoms  will  be  Doppler  shifted.  Consequently,  the 
emission  lines  will  change  in  frequency.  The  end  result  of  this  effect  is  to  cause  the 
optical  depth  of  neutral  hydrogen  to  be  small.  Mill  alas  and  Binney  (1981)  demonstrated 
that  by  using  typical  Galactic  values  of  Nh  = 1021  cm"2  and  a Doppler  shift  of  Sv  = 10 
km/s,  T„  » 0.3  at  the  line  center.  This  is  probably  an  overestimate  as  the  line-of-sight 
will  not  contain  hydrogen  clouds  along  its  entirety.  Therefore  it  is  reasonable  to  assume 
that  the  21-cm  line  is  optically  thin  in  most  cases.  With  this  assumption,  the  total 
neutral  hydrogen  column  density  can  be  expressed  in  terms  of  the  brightness  temperature 

Nh  = 3.88  x 10“  f Ttdu. 

If  the  customary  units  of  kilohertz  and  km  s"1  are  used,  then 

Nh  = 1.82  x 10“  j 2idu  (A.3) 

after  applying  the  factor  10s  x u/c.  The  total  Hi  content  can  be  found  by  integrating  AT// 
over  the  surface  area  of  the  emitting  region  encompassed  by  the  solid  angle  fl.  The  total 
Hi  mass  of  the  system  is  therefore 

M„(M0)  = 2.36  x 105D2  J S(v)du  (r « 1)  (A.4) 

where  D is  the  distance  to  the  source  in  unit  of  Mpc  and  the  flux  density  is  given  by 

„ 

s~  # ' 

The  flux  density  is  measured  in  the  unit  of  Janskys  where  1 Jy  = 10"M  W Hz"'  in"2. 
However,  Equation  A.3  becomes 

N„  = 1.82  x 10“  J 

for  regions  where  the  optical  thickness  is  considerable  and  cannot  be  neglected. 


APPENDIX  B 

FUNDAMENTAL  CONCEPTS  OF 
THE  RADIO  INTERFEROMETER 

The  Westerbork  Radio  Synthesis  Radio  Telescope  (WSRT)  is  operated  by  the 
the  Stichting  ASTRonoraisch  Ouderzoek  (ASTRON)  or  in  English,  the  Netherlands 
Foundation  for  Research  in  Astronomy  (NFRA).  The  telescope  is  an  aperture  synthesis 
interferometer  consisting  of  14  antennae  in  a linear  array  set  on  a 2.7  km  East- West 
line.  Each  antenna  is  25-m  in  diameter,  equatorially  mounted  and  has  an  !/D  ratio  of 
0.35.  Tin  of  the  14  attenas  (labelled  0-9)  are  on  fixed  mounting  and  are  separated  by 
144  meters  apart  from  the  next  one.  The  remaining  four,  labelled  A,  B,  C,  and  D and 
set  on  a 2 x 2 array,  are  movable  along  two  railtracks.  One  track  is  adjacent  to  the  fixed 
array  and  300  m long.  The  other  is  80  nt  long  and  9 x 144  m eastwards.  The  movable 
dishes  thereby  give  the  telescope  effective  baselines  that  range  from  36  m to  2.7  km.  In 
the  spectral  line  observing  mode,  the  WSRT  becomes  an  aperture  synthesis  array  with  91 
baselines  and  is  2.7  km  in  length. 

The  long  wavelength  nature  of  the  atomic  hydrogen  forbidden  lines,  large  telescopes 
are  required  for  observing  Hi  sources.  The  first  21-cm  line  measurements  were  made 
with  single  dish  telescopes  at  (inherently)  low  angular  resolution.  The  proliferate  use 
of  aperture  synthesis  telescopes  during  the  1970s  produced  radio  data  of  greater  detail 
such  that  images  of  less  than  one  arcsecond  resolution  are  now  achieved.  The  antenna 
dishes  of  these  telescopes  are  set  in  an  array  of  predeterm  I f g ition  to  artifically 

produce  a single  antenna  dish  of  much  larger  sise  (up  to  kilometers  in  diameter).  Thus, 
a single  large  aperture  telescope  is  syntliesiied  (aperture  synthesis)  by  numerous  smaller 

When  the  telescope  observes  distant  radio  sources,  the  signals  from  each  pair  of 
antennae  are  measured  for  mutual  coherency.  By  measuring  the  spatial  correlation  of 


signals  of  the  received  signals  in  terms  of  the  spacings  (baselines)  between  the  pairs  of  an- 
tennae, the  Fourier  transform  of  positions  and  intensities  of  the  souees  are  imaged.  This 
process  of  measuring  the  coherence  function  (visibility)  between  a pair  of  antennae  forms 
the  basis  of  interferometry.  The  operating  pair  of  autennae  is  called  an  interferometer. 
The  resolution  of  the  telescope  is  inversely  dependent  upon  the  largest  baseline  (£)  set 
by  the  array  configuration.  The  greatest  detail  the  telescope  can  image  is  defined  by  A/ B 
where  A is  the  wavelength  of  observation.  However,  the  sensitivity  of  the  whole  array  is 
less  than  an  equivalent  siste  single-dish  antenna  because  the  total  combined  area  of  the 
antennae  in  the  array  is  appreciably  less  than  that  of  the  aperture  synthesised. 

In  an  array  of  N antennae,  there  can  be  up  to  N(N-I)/2  interferometers  or  baselines. 
The  signal  received  from  each  interferometer  baseline  form  an  interference  pattern 
similar  to  light  passing  through  double  slits.  Multiplying  the  data  from  each  pair  of 
elements  in  the  array  together  forms  multiple  interference  patterns  that  reflect  the 
spatial  intensity  distribution  of  the  sources.  Each  baseline  covers  only  one  component 
of  the  complete  Fourier  series  interference  pattern  made  by  the  received  signals  of  the 
whole  array.  Therefore  numerous  baselines  are  required  to  measure  a large  number  of 
components  that  will  yield  an  image  of  the  radio  emiiting  source.  In  an  given  instant, 
N(N-l)/2  components  are  measured.  But  aided  by  the  rotation  of  the  earth,  the  number 
of  baselines  available  increases  significantly  and  thereby  allow  the  telescope  to  gather 
(hundreds  of)  thousands  of  visibility  points  during  mi  observing  run. 

As  mentioned  above,  there  are  up  to  91  simultaneous  interferometers  available  to 
observe  the  source  when  all  fourteen  antennae  of  the  WSRT  are  operational  and  in 
use.  Information  about  the  intensity  and  position  of  the  sources  in  the  field  of  view  is 


Before  the  process  of  obtaining  the  visibilities  and  ultimately  produce  the  image  of 
the  observed  source  is  detailed,  three  assumptions  should  be  made  in  what  follows.  First, 
the  distance  to  the  observed  source  (d)  is  assume  to  be  far  away  such  that  d B2/ A. 

No  third  dimension  of  the  source  can  be  obtained  and  so  the  surface  density  (brightness) 


eive  only  the 
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Figure  B-l:  Block  diagram  of  a two-element  interferometer,  r = b • s/c  is  the  geometrical 

source  radiation  and  no  other  wavefronts.  The  electric  field  produced  by  the  radio  source 
is  the  sum  of  Fourier  series  that  is  measured  by  the  array  when  the  individual  Fourier 
components  observed  by  interferometer  are  combined.  Lastly,  the  measured  field  will  be 
considered  as  scalars  for  simplicity. 

The  block  diagram  in  Figure  B-l  will  be  used  to  describe  how  an  ensemble  of  two- 

Consider  the  case  of  two  antennae  (separated  by  baseline  length  b)  that  are  pointed 
toward  the  radio  source  (indicated  by  the  unit  vector  s).  One  antenna  will  receive  the 
incoming  wavefront  from  the  source  at  a time  (t  = b • s/c)  later  than  the  other.  Each 
antenna  will  produce  a response  at  the  receiver  when  the  signal  from  the  electric  field  of 
the  observed  source  is  detected.  The  responses  from  the  antennae  are  passed  on  to  be 
amplified,  combined  and  time  averaged  at  the  correlator.  The  output  of  the  correlator  for 
the  signals  (in  terms  of  the  radio  brightness  integrated  over  the  sky)  can  be  expressed  as 

V„  = f f„(s)/l„(j)  exp(-2jriVr/c)dn. 


7„(s)  is  the  radio  brightness  (or  intensity)  of  the  source  at  frequency  u, 

/l„(s)  is  the  normalized  reception  pattern  of  the  interferometer  dishes  and 
rffl  is  the  solid  angle  from  that  the  signal  is  received. 

In  terms  of  the  baseline  spacing  b and  source  position  vector  s, 

Vu  = J /„(s)^(s)«p(-2irinb-s/c)df!. 

The  output  V„  is  a function  that  depends  only  on  the  baseline  vector  b and  is  called  the 
spatial  coherence  function.  It  is  more  commonly  known  as  the  visibility  and  is  all  that 
can  be  measured  by  the  telescope  from  which  /„(s)  must  be  extracted. 

The  coordinate  system  used  to  measure  the  visibilites  is  illustrated  in  Figure 
B-2.  The  u and  v axes  point  cast  and  north  respectively  while  w point  towards  the 
phase  reference  position  (i.o.,  center  of  the  field  of  view)  and  is  usually  insignificant 
as  most  measurements  are  confined  to  the  u-v  plane.  The  baseline  vector  (b)  between 
two  antennae  is  (u,»,0)  and  is  measured  in  dimensionless  values  of  the  wavelength  of 
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observation.  The  position  vector  s pointing  towards  the  source  is  given  by  the  direction 
cosine  (f,m,\fl  - P - m-).  The  visibility  equation  in  the  ti-r  plane  can  be  written  as 


Usually,  the  region  of  observation  is  small  compared  to  the  whole  celestial  sphere  and 
the  curvature  of  the  sky  plane  is  neglected.  Thus,  A*(f,m)  — 1 and  for  each  (i,  j)  antenna 


and  V(u,v,tn)  is  now  referred  to  as  the  (Simplex  visibility  since  it  is  a complex  variable 
whereas  is  real.  All  the  telescope  has  to  measure  is  V(u,  V,  if),  the  Fourier 

For  spectral  line  observations,  visibilities  at  several  frequencies  V(u,v,i')  are  ob- 
served to  cover  the  complete  radio  emission  from  the  source.  By  inserting  a time  delay 
(lag  interval  Jr)  in  the  data  path,  discrete  frequencies  are  selected  before  the  signals  from 

The  observed  visibility  must  be  calibrated  for  its  amplitude  and  phase  in  order  to 
determine  the  true  visibility  because  most  of  the  data  are  corrupted  before  the  signals 
from  the  antenna  pair  are  correlated.  This  is  performed  by  observing  primary  flux  and 
secondary  phase  calibrators.  The  former  is  observed  typically  at  the  start  and  at  the 
end  of  a run  while  the  latter  is  observed  more  frequently  to  monitor  the  phase  stability 
of  the  atmosphere  and  receiver.  For  the  observations  of  NGC  3359,  Dr.  Broeils  chose 
3C286  and  3C147  as  the  calibrators  used  to  determine  the  complex  gain  of  each  antenna. 
Formally,  the  observed  visibility-  measured  at  time  t is  related  to  the  true  visibility  by 
(Foinalont  & Perley  1998) 


Vg(u,v,ia)  = / / /►(f,m)e-3'i|-''+”e“ldltfen 


(B.l) 


Vg  = j/.sJs.jFii  + ey  + 9y . 


<7,j  is  the  antenna-based  complex  gains  for  antennae 
complex  conjugate, 


i and  j and  the  asterisk  denotes  the 


gij  is  the  residual  baseline-based  complex  gain, 

Vj  is  the  true  visibility  that  we  want  to  obtain, 
ttj  is  a baseline-based  complex  offset,  and 

r/i,  is  a stochastic  complex  noise  and  all  terms  are  functions  of  time. 

Under  normal  circumstances,  < and  ’u;  are  negligible.  The  antenna-based  complex 
gains  arc  given  by  g,j  = a,jc,fc  ' where  ny  and  d.j  are  the  instrumental  amplitude  and 
phase  of  antennae  i and  j respectively.  Likewise,  the  residual  amplitude  and  phase  of  the 
baseline  gain,  generally  known  as  the  closure  error , is  given  by  . Its  value  is  near 
unity  (jij  = (0.99  - 1.01)ef(±1“>).  For  a properly  calibrated  point-source  of  known  flux 
density  (S)  and  position,  the  true  visibility  will  be  the  flux  density  (5)  of  the  calibrator. 
A point-like  source  is  used  for  calibration  so  that  the  true  visibility  is  constant  for  all 
baselines.  Thus,  the  amplitude  (Atj)  and  phase  ('I'j)  of  the  complex  visibility  is 

A,,  = OtOjihjS 

•hi)  = df  - dj  + dij. 

A least-squares  solution  is  used  as  the  large  number  of  baselines  (N(N-l)/2)  makes 
the  pair  of  equations  overduiermined  at  each  calibration  sequence  (for  </,;  — 1,  that  is  the 
usual  case).  The  amplitude  and  phase  closure  errors  arc  readily  solved  as  a„  = Aq/Oj OjS 
and  dil  = - dr  + dj  ■ Typically,  the  errors  should  be  less  than  10%. 

The  data  reduction  software  used  to  reduce  the  WSRT  (u,v)  data  is  AIPS.  The 
actual  calibration  is  performed  on  a continuum-like  channel  (channel  aero  or  CHO) 
rather  than  the  line  data  The  channel  covers  the  central  75%  of  the  bandwidth  of 
observation  and  therefore  is  much  stronger  in  signal  than  the  individual  line  channels. 
Once  the  proper  calibration  is  performed  on  CHO,  it  is  then  applied  to  the  narrow-band 
channels.  Due  to  finite  bandwidth  sampling  and  incomplete  Fourier  synthesis  of  all  the 
incoming  radiation,  the  Gibbs  effect  of  ringing  will  be  present  owing  to  the  truncation  of 
the  temporal  (lag)  cross-correlation  spectrum  (Laine  1996).  Tb  reduce  the  ringing,  the 
Hanning  smooth  function  is  applied  to  the  data  on-line  although  at  the  cost  of  degrading 


the  frequency  resolution.  Three  consecutive  channels  are  chosen  such  that  the  vislbilites 
per  channel  are  averaged  with  weights  of  0.5  for  the  center  channel  and  0.25  for  the 
adjacent  ones.  As  mentioned,  the  frequency  resolution  is  reduced  in  the  uew  smoothed 
channels  whose  widths  arc  now  twice  that  of  the  original  and  so  the  total  number  of 
independent  channels  are  reduced  by  a factor  of  two. 

The  initial  stage  of  calibrating  the  data  is  editing.  During  this  process,  visibilities 
of  the  calibrators  that  render  the  complex  gain  of  the  antennae  undeterminable  arc 
identified  and,  if  uncorrectable,  flagged  (discarded).  Factors  that  contribute  to  the  useless 
visibility  points  include  malfactioning  equipments,  inclement  weather,  and  data  recording 
errors  to  name  a few.  Such  corrupted  data  appear  as  noisy  or  discrepantly  high  or  low 
values  when  the  visibility  points  are  plotted.  After  editing,  antenna- based  calibration 
of  the  calibrators  is  processed.  The  primary  flux  calibrator  for  CHO  is  first  solved  for 
by  using  the  Baars  et  aL  (1977)  coefficients  of  known  and  calibrated  sources.  Next, 
the  amplitude  and  phase  antenna  gain  solutions  for  the  two  calibrators  are  calculated. 

A list  of  amplitude  aud  phase  closure  errors  is  also  produced.  Baselines  with  error 
values  greater  than  the  (user-set)  upper  limits  are  investigated  further  and  corrected  or 
discarded.  The  process  is  repeated  until  the  solutions  are  acceptable. 

Using  the  antenna  gain  solutions  table  and  the  primary  calibrator,  the  dux  density  of 
the  secondary  (phase)  calibrator  is  subsequently  determined.  The  gain  solutions  are  then 
interpolated  to  create  a calibration  table  that  are  applied  to  the  sources.  The  spectral 
line  data  is  calibrated  by  using  the  same  calibration  table  that  has  been  copied  from 
the  CHO  data  to  the  line  channels.  The  final  calibration  process  is  to  compensate  for 
the  change  in  anteuna  gain  with  frequency  that  occurs  in  spectral-line  data.  This  is 
performed  by  calibrating  the  bandpass  with  the  primary  (fiux)  calibrator  whose  spectrum 
is  approximately  constant  over  the  frequency  band.  The  calibrated  (u,o)  data  are  now 
ready  to  be  Fburier  transformed  into  the  image  plane. 


The  basis  of  creating  images  (or  1(1,  m),  the  modified  sky  brightness)  from  the 
observed  visibilities  lies  in  the  premise  of  the  Fourier  inversion  of  Equation  B.l. 

1(1,  m)  = = / / V(u,  v)e3rtl-,t"">dudu.  (B.2) 

The  most  practical  method  of  transforming  N visibility  points  (where  N usually 
range  in  the  tens  of  thousands)  obtained  from  a radio  telescope  is  to  use  the  fast  Fourier 
transform  (FFT)  technique.  Direct  Fourier  transform  (DFT)  is  also  another  viable 
method.  However,  the  number  of  operations  required  for  the  FFT  of  N visibility  points 
is  of  the  order  NIogN  whereas  DFT  is  over  N2.  FFT  requires  the  visibilities  be  mapped 
onto  a rectangular  grid  of  dimensions  x x y “cells”  where  x and  y must  be  in  powers  of 

Because  the  sampling  of  the  (u,u)  plane  by  the  array  is  limited  and  uneven,  Equa- 
tion B.2  can  expressed  as 

l“(l,m)=  j /v(u,v)S(u,u,e— dudu 

where  S(u,v ) is  the  discrete  sampling  function  of  the  source  visibility  at  each  (u,  u) 
point,  I°(l,  m)  is  often  referred  to  as  the  dirty  image  whose  relationship  to  the  desired 
source  intensity  is  expressed  by  convolution  equation  ID(!,m)  = I ■ B.  B is  the 
synthesized  “dirty"  beam  (the  response  of  the  array  to  a point  source).  Tims  the  beam 
determines  how  well  ID  approximates  I.  The  shape,  as  well  as  sidelobes  of  the  beam 
made  by  the  gaps  in  the  finite  (u,u)  coverage,  are  controlled  by  weighting  functions. 
Currently,  the  two  in  use  are  tapering  and  density  weighting  functions.  They  are  applied 
to  the  calibrated  data  before  the  Fourier  transformation.  The  tapering  function  is  (u,u) 
radius-dependent  as  the  values  of  the  weights  decreased  from  the  center  of  the  (u,v) 
field.  Tapering  the  data  effectively  reduces  the  importance  of  the  measurements  at  large 
spacings  where  there  is  a paucity  of  data  points.  A Gaussian  taper  is  typically  used  in 

To  compensate  for  the  clumping  of  data  in  the  (u,v)  plane,  density  weighting  is 
used.  The  weights  used  are  assigned  values  based  on  the  local  density  of  sample  points 


within  a grid  cell.  In  natural  weighting,  each  visibility  point  carries  a weight  of  unity  (the 
cells  are  weighted  by  their  "natural’  distribution  on  the  (u,t>)  plane).  The  cells  near  the 
center  of  the  (u,  e)  plane  tend  to  be  emphasized  because  the  region  is  more  populated 
in  visibilities  than  the  outer  portions  of  the  plane.  Hence,  the  beam  made  by  natural 
weighting  tends  to  be  broad.  This  effectively  reduces  the  resolution  of  the  produced 
image.  However,  the  noise  is  markedly  reduced  due  to  the  larger  beam  size  and  the  image 
is  more  sensitive  to  low  intensity  emission. 

In  the  second  density  weighting  scheme,  the  weights  assigned  are  inversely  propor- 
tional to  the  number  of  data  points  within  a block  of  grid  cells  (Briggs  et  al.  1909).  The 
beam  produced  by  this  "uniform"  weighting  is  largely  controlled  by  the  tapering  function 
as  it  will  specify  the  size  of  the  cell  block  to  be  used  in  the  weighting.  This  method 
emphasizes  the  outer,  low  density  regions  and  so  the  beam  will  contain  a small  Gaussian 
core  and  thereby  produce  images  of  higher  resolution.  Similarly,  the  signal-to-noise  ratio 
is  reduced  (as  compared  to  natural  weighting)  due  to  the  unequal  weighting  of  each 
visibility  as  well  as  the  smaller  beam  size. 

A hybrid  combination  of  the  two  density  weighting  schemes  is  also  available.  This 
robust  weight  scheme  is  controlled  by  the  “robustness"  parameter  developed  by  Briggs 
(1995).  Essentially,  the  value  assigned  to  the  parameter  in  IMAGR  specifies  how  to 
combine  the  natural  and  uniform  weighting  functions.  If  the  value  is  greater  than  four, 
the  hybrid  weighting  is  nearly  natural.  Nearly  pure  uniform  weighting  is  used  for  values 
less  than  -4.  Careful  use  of  the  robust  parameter  can  produce  a near  uniform  weighting 
beam  with  low  sidelobes  while  mildly  raising  the  noise  added  by  the  weighting. 

The  calibrated  and  weighted  data  obtained  from  the  (n,n)  spacings  do  not  lie  on  a 
rectangular  grid  as  demanded  by  the  FFT  process.  A convolution  function,  C(u,v),  is 
normally  employed  to  interpolate  and  map  the  data  out  on  to  the  desired  grid.  There 
are  various  convolution  functions  that  arc  available  for  the  purpose.  They  should  have 
Fourier  transforms  that  arc  constant  across  the  image  field  and  vanish  sharply  beyond 
the  edges.  This  is  to  minimize  the  aliasing  problems  that  arise  from  transforming  the 
data  to  the  image  domain.  The  two  most  commonly  used  convolution  functions  are  the 
exponencnlial  * times  sine'  and  spheroidal 
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Gridding  of  tlie  convolved  data  onto  the  rectangular  map  is  handled  by  Bracewell's 
Shah  (“bed  of  nails'*)  re-sainpling  function 


fl(u,n)  = III(u/Au,u/Au)  = £ £ Hi  - u/Au,A*  - u/Av) 
where  An  and  An  are  the  (u,u)  cellsizes.  They  arc  related  to  the  image  (map)  plane  cell 
sizes  A / and  Am  by 


where  j and  k are  the  number  of  cells  between  two  grid  points  in  the  u and  v directions 
respectively.  The  relationships  arise  from  the  inverse  relationship  between  the  (ti.ti)  and 
(!,m)  plane  in  the  Fourier  transform.  The  synthetic  beamsize  of  a properly  re-sampled 
image  map  will  be  approximately  three  to  four  times  (A!, Am)  cell  sizes. 

In  summary,  the  visibilities  used  to  produce  the  dirty  image  can  be  expressed  as 

vn =m{c*vw) 

where  V*  is  the  visibility  to  be  inverse  transformed  and  Vw  is  the  weighted  (calibrated) 

All  the  necessary  tools  to  perform  the  FFT  process  on  the  calibrated  data  at  each 
frequency  channel  is  packaged  into  IKAGR.  An  ensemble  of  all  the  channels  unified 
into  a single  data  structure  called  a dale  cube.  The  initial  cube  will  contain  strong 
contributions  from  the  continuum  and  sidclobes  of  the  dirty  beam  which  need  to  be 
removed.  Subtracting  the  contiuuum  from  the  line  data  must  first  be  applied  before  the 
removal  of  the  sidelobes.  The  subtraction  may  be  performed  in  the  (u.w)  or  map  plane. 
In  the  image  plane,  the  average  of  all  line-free  channels  is  used  to  subtract  the  continuum 
contribution  from  ail  the  channels  containing  line  signal.  Alternatively,  a baseline-fitting 
function  for  line-free  chaunels  can  be  used  to  subtract  out  the  continuum  from  the  (u,n) 
data  w-ith  line  emission. 


The  sidelobes  of  the  dirty  beam  are  (unwanted)  manifestations  of  the  limited 
extent  of  the  spatial  frequencies  as  well  as  the  null  value  assignment  to  unsampled  (ti.n) 
positions  during  the  FFT  application.  Its  removal  is  performed  by  a deconvolution 
process  generically  called  “cleaning".  Alter  this  process,  the  image  map  can  then  be 
re-convolved  with  a well-defiued  clean  beam  to  obtain  a stronger  model  representation 
of  the  true  brightness  distribution.  IMAGR  uses  Clark's  (1980)  revision  of  the  cleaning 
algorithm  (CLEAN)  developed  by  Hogbom  (1974).  CLEAN  assumes  the  dirty  image  to 
be  composed  of  radio  sources  represented  by  individual  point  sources  in  a blank  Bold. 

The  strengths  and  positions  of  the  points  arc  Brst  determined,  usually  in  a sub-image 
area  called  the  “Clean  window”  rather  than  the  complete  field  of  view.  The  algorithm 
then  subtracts  from  the  dirty  image  the  peaks  of  the  point  sources  (scaled  by  the  dirty 
beam  and  the  damping  factor  called  the  loop  gain).  This  factor  is  typically  around  0.1 
to  0.2  in  value.  The  subtracted  amplitudes  and  positions  of  the  peaks  of  are  recorded 
into  a dean  component  list.  This  iterative  process  is  repeated  until  the  residuals  in  the 
subtracted  dirty  image  are  less  than  the  user-specified  value  (FLUX)  or  the  number  of 
iterations  (from  hundreds  to  thousands)  has  been  reached.  To  suppress  any  random 
features  at  high  spatial  frequencies,  the  registered  peaks  are  convolved  with  a Gaussian 
restoring  clean  beam  (usually  the  core  of  the  dirty  beam)  to  produce  a clean  map. 

Unfortunately,  this  original  clean  algorithm  is  time-consuming.  Approximately  N 
arithmetic  operations  are  performed  at  each  iteration  for  an  N x N area.  The  Clark 
method  makes  use  of  the  FFT  applicability  of  the  cleaning  process  to  expedite  the  job 
by  splitting  the  task  into  two  cycles.  Only  a “restricted”  smaller  area  of  the  dirty  image 
containing  the  strongest  peak  values  is  used  in  the  “minor"  cycle.  The  dirty  beam  used 
to  search  for  the  peaks  in  the  restricted  (residual)  map  is  assumed  to  be  zero  outside  the 
beam  patch  (a  small  box  between  21  x 41  and  64  x 127  elements  centered  about  the 
origin)  (Clark  1980).  The  cycle  stops  when  the  residuals  arc  below  FLUX.  The  “major” 
cycle  consists  of  using  the  FFT  to  transform  the  clean  components  back  into  visibilities 
to  be  subtracted  from  the  an -griided  (u,«)  data  that  is  then  re-gridded  and  transformed 
back  to  the  image  domain  for  the  next  cycle  of  clean.  Like  CLEAN,  the  revised  algorithm 
stops  when  the  residual  of  the  whole  image  is  below  FLUX  or  the  number  of  iterations  is 


reached  and  it  can  be  two  to  ten  times  faster  than  the  original  algorithm.  The  H 1 data 
cubes  that  have  been  presented  iu  this  dissertation  ore  the  cleaned  cubes  produced  by  the 
Clark  algorithm. 


APPENDIX  C 

FUNDAMENTAL  CONCEPTS  OF  THE 
FABRY-PEROT  INTERFEROMETER 
Fiibrv-Perol  (FP)  interferometer}'  of  the  H II  regions  within  NGC  3359  was  per- 
formed by  using  the  wide-Bcld  imaging  TAURUS  instrument  at  the  Cassegrain  focus  of 
the  4.2  William  Herschel  Telescope  (WHT)  also  located  La  Palma,  Spain.  The  instru- 
ment is  used  primarily  to  measure  the  velocity  fields  of  extended  emission-line  objects. 

The  critical  advantage  that  an  FP  instrument  has  over  single-slit  spectrographs  is  the 
ability  to  image  and  simultaneously  gather  spectral  information  of  the  full  field  of  view. 
This  section  will  briefly  describe  the  basic  principles  FP  interferometry  and  the  data 
reduction  of  the  data.  The  complete  operating  manual  of  TAURUS  (Lewis  & Unger  1991, 
heroaftor  LU91)  may  be  obtained  from  the  Isaac  Newton  Group  of  Telescopes  at  the  IAC. 
The  detailed  description  of  the  actual  observation  by  the  observers  are  given  in  Rozas  et 
al.  (2000b)  and  Zurita  (2001). 

The  operation  of  TAURUS  can  be  displayed  schematically,  as  shown  in  Figure  C-l. 
Light  from  the  focal  plane  is  first  collimated  and  passed  through  two  semi-reflective, 
plane  parallel  plates  separated  by  air.  This  element  of  the  FP  interferometer,  called  the 
ctalon,  is  used  to  tune  the  wavelengths  of  observation  by  adjusting  the  spacing  between 
the  two  plates.  The  light  rays  undergo  numerous  reflections  and  transmissions  in  the 
etalon  that  produces  modulated  interference  rings  that  are  re-imaged  onto  the  CCD 
detector  of  the  camera.  The  order  of  intererence  is  fixed  by  placing  an  order  sorting  filter, 
whose  central  wavelength  is  equal  to  the  redshifted  Ho  line  of  the  galaxy,  in  the  path  of 
the  light  beam.  Tlius,  one  full  set  of  TAURUS  data  consists  of  multiple  2-D  images  of 
the  galaxy  that  has  been  observed  at  different  wavelengths  across  the  emission  line  under 


Figure  C-l:  The  optica]  path  and  schematic  arrangement  of  the  TAURUS  Fabry-Perot 
interferometer. 


The  intensity  of  the  transmitted  signal  is  given  by  (Plam 


(i  -/>)* 

where  p and  r are  the  reflection  and  tranmission  coefficients  of  the  plates  respectively. 
The  last  term  of  the  equation  above  is  the  Airy  function  (Gordon  et  al.  2000.  hereafter 
GKHJ): 


A(tn) 


(C.2) 


l+FsinJ(ro/2)  ' 

Known  as  the  finesse  of  the  Melon,  F = p/{  1 - p)2  refers  to  the  width  of  the  maxima  of 
the  interference  pattern.  Lastly,  to  describes  the  phase  difference  between  the  interference 
fringes  of  wavelength  A and  is  given  by 

m = dap  S cos*  (C  .3) 


where  p is  the  refractive  index  of  air,  S is  the  spacing  between  the  two  etalon  plates,  and 
* is  the  angie  between  the  incident  light  ray  and  the  etalon.  Each  value  of  * = R/Imm 
defines  a particular  point  on  the  image  (R  is  the  radial  distance  of  the  image  point  to  the 
optical  axis  on  the  detector  and  Fmm  is  the  focal  length  of  the  camera). 


The  Airy  function  is  2s  periodic  by  nature,  its  maxima  occuriug  when  m - 2xn  (n 
being  an  integer).  This,  combined  with  Equation  3.-1,  yields 

nA  = 2/i  S cos#,  (C.4) 

that,  when  satisfied,  will  produce  constructive  interference.  The  transmission  peaks  in 
such  patterns  may  be  altered  by  varying  cither  S or  A.  The  wavelength  range  over  which 
A U allowed  to  vary  is  called  the  Free  Spectral  Range  {FSR,  a measure  of  the  separation 
between  two  successive  transmission  maxima).  The  order  of  interference  n and  the 
finesses  determine  the  resolving  power  (JIP)  of  the  instrument: 

flP  = A/AA=^F  = n F (C.5) 

for  normal  incident  light  rays.  The  resolution  can  be  improved  by  increasing  pS  but 
doing  so  could  lead  to  interference  order  overlapping  (Betzlor  1999).  To  insure  that  this 
does  not  happen,  the  etalon  has  a predefined  limit  for  the  FSR  as  given  by 

FSR  = As/2,«S  = A/n  (C.6) 

for  4 = 0. 

As  pointed  out  by  Zurita  (2001)  and  GKHJ  , the  cos*  term  implies  that  each  plane 
of  the  data  cube  does  not  necessarily  correspond  to  a single  plate  separation  S.  Rather, 
a CCD  image  will  contain  data  from  a range  of  wavelengths  (i.e.,  within  the  FSR).  In 
other  words,  each  transmitted  wavoleugth  is  not  only  a function  of  S but  also  of  position 
(x,!/)  (Equations  C.-1  and  C.5).  Therefore  the  points  on  the  detector  will  have  differently 
transmitted  wavelengths  for  a fixed  value  of  S (Zurita  2001).  The  shape  of  each  surface 
of  constant  wavelength  in  the  data  cube  is  not  a plane  but  rather  a paraboloid  (Figure  1 
of  GKHJ).  Unfortunately,  the  combination  of  A with  (x,y)  makes  the  original  spatial  and 
spectral  axes  of  the  FP  data  cube  unscparable.  To  resolve  this  conflict,  phase  calibration 


Ill  essence,  the  phase  calibration  of  the  FP  data  converts  the  s-axis  of  the  raw 
(»,»,*)  cube  to  either  velocity  or  wavelength.  First,  the  ‘phase"  (Taylor  & Atherton 
1930)  Is  established  by  shifting  Ao  for  each  pixel  at  (x.g).  This  phase  shift  is  applied  to 
each  spectrum  in  such  a way  that  all  spectra  will  have  the  same  wavelength  calibration. 

As  a result,  a theoretical  phase  map  showing  the  magnitude  of  the  phase  shift  as  a 
function  of  position  is  created.  The  phase  map  can  be  formulaically  expressed  as 

<a" 

where  $n  corresponds  to  the  position  along  the  spectral  or  S axis  and  A is  taken  to  be 
the  central  wavelength  bandpass  of  the  interference  filter  (Zurita  2001).  In  practice,  a 
calibration  cube  is  first  made  from  scanning  a monochromatic  lamp  (Figure  C-2)  with  the 
etalon.  Next,  a ring  pattern  is  fitted  to  each  plane  or  cube  to  construct  a Radius-versus- 
Framo  (fl-  vs.  S)  plot  that  subsequently  yields  the  value  of  the  FSR  (LU91).  This 
derived  value  of  FSR,  along  with  other  constants  in  Equation  C.7  are  used  to  obtain  the 
nominal  gap  S for  a value  of  A. 

However,  due  to  the  caprices  of  an  observation  run,  effects  such  as  field  or  detector 
distortion  and/or  temporal  changes  like  plate  flexure  (5-6  pm  per  hour)  and  etalon  gap 
drifts  can  produce  an  observed  phase  map  that  differs  from  the  theoretical  prediction. 

The  difference  between  the  two  maps  is  called  the  residual  phase  map.  For  the  first  effect, 
the  residual  is  obtained  by  subtracting  the  theoretical  map  (derived  from  the  calibration 
cube)  from  the  observed.  Phase  variations  due  to  time  (the  second  effect)  are  corrected 
by  using  2-D  Images  of  the  arc  lamp  that  were  taken  with  nominal  etalon  gap  settings 
during  the  night.  Each  image  is  fitted  with  a ring  pattern  and  any  variation  in  the  plate 
flexure  will  shift  the  center  of  the  pattern  while  gap  drifts  will  produce  a change  in  the 
ring  radius.  The  process  of  making  such  phase  maps  and  rebinning  the  data  defines  the 
phase  calibration  stage. 

The  last  step  in  processing  the  raw  data  is  to  establish  the  wavelength  scale  of  the 
data.  This  process  of  wavelength  calibration  is  performed  by  matching  the  observed  FP 
data  cube  with  the  calibration  cube  whose  parameters  were  derived  during  the  phase 
calibration  stage,  The  wavelength,  interference  order,  and  channel  width  of  the  observed 


data  are  obtained  as  functions  of  the  known  properties  of  the  calibration  cube  (Zurita 
2001).  Both  calibration  processes  were  performed  with  the  TAURUS  package  Inside  the 


FIGARO  data  reduction  system. 


APPENDIX  D 

DERIVATION  OF  STABLE  AND  PERIODIC  ORBITS 
The  location  and  stability  of  periodic  orbits  in  a given  potential  'I'  can  be  determined 
from  their  equations  of  motion.  In  Cartesian  coordinates,  the  Hamiltonian  of  the  model  is 
given  by 

H s i(pj  + pj)  - (ip„  - ppi)fU  + *(>.  y)  = Ej,  (D.I) 

where  p,  and  py  are  the  canonical  conjugate  momenta  of  a particle  in  the  reference  frame 
corotating  with  the  bar  at  angular  frequency  Sis  (Patsis  & Grosbol  1996).  The  equations 

j = pj  + Slby  y = Pj  - Oji 

(D.2) 

* = _«fe2i  + n.p, 

In  terms  of  Cartesian  coordinates  and  velocities. 

i = nt(2i  + Sln)-?^l  (D.3) 

i = ns(2i+n»p)-^^  (D.4) 

and  the  Hamiltonian  can  be  written  as 

H = §(**+ «*)  + »(*.!/)  - + »*)  = *•  (D-S) 

Barbanis  (1968). 

For  a given  value  of  the  Hamiltonian  and  initial  conditions  [xo,  xo,  y,  yo  = Vo(A)], 
successive  upward  (j)  > 0)  intersections  of  periodic  orbits  with  the  plane  y = 0 are 
represented  by  points  in  the  two-  dimensional  phase  space  (x.x).  In  this  way,  a Poincare 


surface  of  section  is  constructed.  The  equations  that  describe  such  a map  have  the  form 

io  = /(mo,  m0)  io  = fl(*o,  io)-  *D'°* 

The  position  of  a periodic  orbit  can  be  found  by  first  noting  that  cadi  such  orbit 
will  be  an  invariant  point  on  the  corresponding  Poincare  surface  of  section.  The  orbits 
of  tlie  main  family  of  periodic  orbits  of  interest  (i.e.,  the  Xi  family),  are  reduced  to  the 
drcular  orbits  of  the  central  family  in  the  axisymmetric  case  (Contopoulos  and  Grosbol 
1986).  For  a certain  value  of  the  Jacobian,  the  initial  conditions  of  the  circular  orbits 
in  the  axisymmetric  case  is  used  as  a starting  guess  for  the  Initial  conditions  of  the  xi 
orbit  in  the  non-axisymmetric  potential.  A Newton's  iteration  method  is  used  next  and 
the  values  for  the  periodic  orbit  are  found,  lb  find  the  representative  of  the  family  for 
a nearby  value  of  the  Jacobian,  the  value  of  the  periodic  orbit  just  found  is  used  as  the 
next  initial  guess.  A fourth-order  Runge-Kutta  integration  method  with  variable  stop  has 
been  employed  for  the  integration  of  the  equations  of  motion 

The  method  introduced  by  Henon  (1965)  is  used  to  determined  the  stability  of 
periodic  orbits.  For  a given  periodic  orbit, 

*o  = /(i o,  ±o)  *o  = s(*o,  *o)-  (D,T) 

Next,  a minor  perturbation  to  the  initial  conditions  of  the  periodic  orbit  (xq  + Axo,io  4 
Aio)  is  introduced  and  the  orbit  is  again  integrated  until  the  next  upward  intersection 
with  the  Poincare  section.  This  R2  -*  R2  transformation  connects  the  final  and  initial 
conditions  and  so 

xo  + Axi  = /(x  o 4 Axo,  xo  + Aio)  (D.8) 

io  + Axi  = j(xo  + Axo.xo  + Axo).  (D-9) 

Applying  the  Taylor  series  expansion  to  Equations  4.12  and  4.13  about  the  periodic 
point  xi  = xo,  xi  = xo  and  keeping  only  up  to  first  order  terms  yields 

Axi  = aAxo  4 hAio  Axi  = cAxo  4 dAio  (DIO) 


a,  b,  c and  d are  given  by 


3/  3/  =8g 

° ~ dx  8x  c 8x 

The  Jacobian  of  the  transformation  is 


and  so  Equation  4.20  can 


(D.ll) 


(D.12) 


(D.13) 


Assigning  the  vectors  = (Ai,,A±i),  K0  = (Axo.Aio),  and  noting  that  areas  on 
Poincare  surfaces  of  section  are  conserved  (Poincare  1899)  (i.e.,  ad  — be  = 1),  Equations 
4.20  and  4.23  can  be  written  vectorially  as  K , = AKa-  Iffl.fi  form  an  eigenvector  basis 
of  the  (reduced)  phase  space,  then  we  can  write 


Kq  = A\6\  + A2fi 


K,  = AtAjfl  + A2A2fi  (D-13) 

where  Ai  and  A2  are  the  eigenvalues  of  the  Jacobian  matrix  The  characteristic  equation  of 
A is  represented  by 

j°  * 6 | = A’-  (o  + d)A  + 1 = 0.  (D.16) 

The  roots  to  the  equation  are  inverse.  If  |o  + d\  < 2,  then  the  roots  are  complex 
conjugates  (|A||  = |A2|  = 1)  and  the  orbit  is  stable.  The  orbit  will  be  unstable  when  the 
roots  arc  real  or  |o  + d|  > 2 (Hdnon  1965).  The  equation 


1 = 1/2  (0  + d) 


(D.17) 


is  called  Henon’s  stability  index.  A periodic  orbit  is  stable  when  |a|  < 1.  Conversely,  it  is 
unstable  for  |a|  > 1. 


APPENDIX  E 

SMOOTH  PARTICLE  HYDRODYNAMICS 

There  are  several  computer  programs  that  can  satisfactorily  simulate  the  gas  flow 
within  a disk  galaxy  numerically.  Among  the  codes  that  have  been  irned  extensively  in 
galactic  research  are  the  second-order  flux  splitting  method  (FS2)  (van  Albada  et  ai. 

1982  and  references  therein)  and  the  Beam  scheme  (Sanders  & Prednergast  1974).  In 
tills  research,  Smoothed  Particle  Hydrodynamics  (SPH),  is  used  to  model  the  large  scale 
behavior  of  gas  dynamics  within  NGC  3359.  The  code  was  first  introduced  by  Lucy 
(1977)  and  Gingold  & Monaghan  (1977)  and  has  been  adopted  by  many  other  subsequent 
authors  (Bens  1990;  Monaghan  1985,  1988).  The  present  SPH  program  Is  a revised 
version  of  the  code  used  in  Patsis  & Athanassouia  (2000). 

The  main  advantage  of  SPH  is  that  it  is  Lagrangian  by  nature  and  does  not  require 
a grid  to  calculate  the  spatial  derivatives.  Instead,  the  fluid  is  modeled  as  individual 
elements  called  particles  that  essentially  forms  a grid  of  moving  points.  This  in  turns 
avoids  the  need  to  regrid  the  fluid  as  it  evolves  and  gives  high  resolution  to  high-density 
regions  as  the  particles  follow  the  density  distribution  of  the  fluid.  The  “particles" 
are  allowed  to  move  and  interact  hydrodynamically  with  each  other  if  they  are  within 
the  domain  of  interaction  (specified  by  h,  the  smoothing  leugth).  A particle  and  its 
interacting  neighbors  therefore  change  throughout  the  simulation  as  the  separation 
distances  between  them  vary  in  time. 

SPH  is  best  viewed  as  an  interpolation  scheme  used  to  solve  the  set  of  hydrodynamic 
equations  governing  a system  of  discrete  points.  The  equations  (of  motion)  are  functions 
of  various  physical  fields  in  the  simulation.  Values  for  a field  are  typically  known  only 
at  a finite  number  of  N points.  An  approximation  to  any  point  in  the  field  requires  an 
average  over  finite  space  (£)  The  average  is  calculated  from  the  smoothed  approximation 
</(r))  = j f(r')  H'lr-r'./i)  dr-  (E.l) 


where  /( r)  is  the  interpolated  field,  W is  the  interpolating  kernel,  and  h is  the  smoothing 
length  that  controls  the  width  of  W and  the  spatial  resolution.  The  interpolation  kernel 
normalises  to  unity  and  is  strongly  peaked  at  r = 0 so  that 
liniW(r.h)  =ii(r) 

and  at  the  same  time,  {/( r))  -»  /( r)  as  h -*  0. 

The  integral  of  Equation  E.l  is  approximated  by  a summation  of  the  N particles 
during  numerical  calculations.  Hence, 


where  n(r')  is  the  number  density.  Tb  simulate  a fluid  properly,  each  point  is  associated 
with  a fluid  element  of  mass  mj  while  the  number  density  is  defined  as  (n(rj))  = p(rj)/m,. 
This  definition,  combined  with  Equation  E.2,  gives 


This  is  the  base  SPH  equation  that  can  approximates  any  physical  property  of  the  fluid. 
For  example,  the  density  of  the  fluid  may  be  found  by  setting  /(r)  = p(r)  and  so 


Therefore,  the  fluid  density  at  any  point  of  the  system  can  be  obtained  by  simply 
knowing  the  location  and  mass  of  the  particle-  If  the  masses  of  the  particles  arc  constant 
and  none  arc  lost,  the  continuity  equation  is  satisfied  by  the  equation  above. 
Additionally,  the  gradient  and  divergence  of  /(r)  are  expressed  as 


(E.2) 


(E-3) 


<P(r)>  = T.ml  w'(r  " ri'h)- 


(V/(r»  = J /(r')  VW{t  - r\h)  dr' 


(E.4) 


respectively.  Equations  E.3  and  E.4  are  the  two  primary  equations  that  are  used  to  solve 
for  the  various  forces  at  any  point  in  the  fluid  aud  allow  for  the  movement  of  the  gas 
particles  (provided  that  VIV  exists). 

E.i  Smoothing  Length  and  InternolatniE  Kernel 

The  smoothing  lengths  of  particles  that  determines  the  kernel  is  both  temporally 
and  spatially  variable.  Typically,  an  optimum  number  of  neighbors  are  required  to  be 
within  the  neighborhood  of  a particle,  as  specified  by  a given  h.  If  there  are  not  enough 
neighbors  within  the  local  region  to  satisfy  the  criteria,  the  value  of  h is  doubled  and  the 
search  is  iterated  until  some  tolerance  of  the  optimum  number  is  reached.  Conversely, 
only  the  nearest  neighbors  within  the  particle's  smoothing  length  are  included  in  a search 
that  results  in  a value  greater  than  the  optimum  number.  This  is  desirable  as  it  allows 
for  the  fluid  simulation  to  work.  Since  h defines  the  region  where  the  forces  and  physical 
fluid  properties  are  smoothed  out,  simulations  with  fixed  smoothing  lengths  will  fail  at 
low-density  regions  where  particles  may  be  left  isolated  with  no  interacting  neighbors 
nearby.  Consequently,  the  spatial  resolution  of  the  SPH  method  is  determined  by  h with 
regions  of  higher  density  being  better  resolved. 

The  errors  associated  with  spatially-varying  smoothing  lengths  have  been  found 
to  be  on  the  same  order  as  the  inherent  error  in  the  SPH  method,  i,e-,  the  errors  are  of 
second  order,  0(ha)  (Bate  1995;  Hcrnquist  & Katz  1989;  Monaghan  1985).  The  more 
profound  impact  of  introducing  the  variable  smoothing  length  however  lies  in  its  effect 
on  the  mutual  forces  between  the  particles.  During  the  calculation  of  the  gradient  of  a 
physical  field,  the  smoothing  lengths  of  two  particles  must  be  the  same  (i.e.,  the  force 
from  particle  j on  particle  i must  be  the  same  as  the  opposing  force  from  particle  i). 

The  common  method  of  achieving  this  is  to  replace  fij  and  fq  by  their  average.  Doing  so 
conserves  momentum.  Consequently,  the  kernel  is  required  to  be  symmetric  (Monaghan 
1992). 

One  of  the  main  advantages  of  the  SPH  method  is  its  usage  of  the  interpolating 
kernel  as  a subroutine  in  the  source  code.  However,  the  kernels  that  were  originally 
used  proved  to  be  inefficient  as  all  N particles  contributed  to  the  summations  that  led 
to  wasteful  use  of  computation  time.  Tb  avoid  this  shortcoming,  the  spline  kernel  of 


Monahan  and  Lattanzio  (1985)  is  used  for  the  simulations.  It  is  the  most  common  SPH 
kernel  today  and  considers  only  a selected  number  of  points  in  a defined  neighborhood  to 
solve  for  the  local  physical  quantities.  The  spline  kernel  has  the  form 


J(S-v)5 


if  0 <11  < 1, 

ifl  <ti<2, 
otherwise 


As  stated  above,  the  main  advantage  of  the  kernel  is  its  compact  support  (i.e.  particles 
with  r > 2fi  do  not  contribute  to  the  kernel).  In  addition,  the  second  derivative  of 
the  kerne]  is  continuous.  This  allows  for  the  assumption  that  the  summation  term  can 
sufficiently  approximate  the  integral  of  Equation  E.l  (Monahan  1992). 

E-2  Hydrodynamics!  Equations  and  Properties 
Euler’s  equations  arc  used  to  describe  the  phase  space  evolution  of  the  fluid  in  SPH 
simulations.  The  equations  are 


where  SVibc  is  the  artificial  viscosity  term  (Hernquist  & Katz  1989).  The  density  at  each 
particle  position  (say,  particle  i)  is 


« = rmH'fO,  M + mjlV(nj,  ^ fcu) 

where  Nn  is  the  number  of  the  particle's  neighbors  within  the  average  sn 
hij.  Similarly,  the  total  gravitational  force  felt  by  the  particle  is 

while  the  pressure  gradient  is  calculated  from  us 

~ ViWlsfl,  Aq). 


Pressure  is  defined  by  the  polytropic  equation  of  state 


For  this  study,  the  gas  is  assumed  to  be  isothermal  and  so  Equation  E.6  becomes 
P — where  c,  is  the  sound  speed. 

Artificial  viscosity  is  required  for  the  proper  treatment  of  shocks  by  sotting  up  the 
dissipation  of  heat  where  the  phenomena  occur.  Without  Sv-1„,  shocks  cannot  occur  in 
the  simulation  as  the  kinetic  energy  of  the  moving  particles  is  transformed  into  heat.  The 
artificial  viscosity  in  the  current  SPH  version  has  the  form  of 
Svac  = -£mjnijViH'(rii,A1J). 


pij  - (p,  + Pj)/ 2,  and  vg  = vi  - Vj.  The  term  ij2  = O.Olh2  is  used  to  avoid  singularity 
at  small  interparticlo  distances.  The  bulk  viscosity,  a,  is  used  to  suppress  after-shock 
subsonic  velocity  oscillations  and  ff  is  a (von  Neumann-Richtmyer-type)  viscosity  used  to 
eliminate  particle  interpenetration  in  strong  shocks  (Bate  1991). 

Finally,  the  SPH  energy  equation  of 

^ = ^ 52  mivlJ  ‘ ViH,(rlj,/it1)  + i 52  minijvii  - ViH,(r|),fcy)  (E.7) 

is  needed  to  close  the  systems  of  equations  required  to  run  the  code.  The  last  term  on 
the  right-hand  side  of  the  equation  above  has  been  added  to  include  the  change  of  the 
entropy  of  the  gas  (related  to  if  of  Equation  E.6)  owing  to  the  use  of  artificial  viscosity. 
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There  I learned  English  and  acclimated  myself  to  the  American  lifestyle.  Years  later 
we  were  assigned  to  an  Air  Force  base  in  the  panhandle  of  Florida,  where  I graduated 
from  high  school  and  attended  community  college  for  2 years.  Afterwards,  I enrolled  at 
the  University  of  Florida  and  received  ray  Bachelor  of  Science  degree  in  astronomy  in 
the  summer  of  1995.  That  fall  I began  my  graduate  career;  and  began  studying  under 
Dr.  Gottesman  in  1997.  It  has  been  quite  a journey,  both  literally  (through  Spain  and 
Greece)  and  figuratively  so  far.  The  knowledge  I have  acquired  is  invaluable  and  certainly 
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This  dissertation  is  the  culmination  of  analysing  observational  data  and  combining 
the  results  with  theoretical  concepts.  The  object  of  research  is  the  galaxy  NGC  3359. 

The  system  is  very  much  like  our  galaxy,  the  Milky  Way.  It  has  spiral  arms  and  a bar 
structure  in  the  middle  of  the  galactic  disk.  Hence,  any  information  that  are  obtained 
from  studying  NGC  3359  may  be  related  to  the  Galaxy.  Located  approximately  36 
million  light  years  from  the  Sun,  NGC  3359  is  rich  in  neutral  atomic  hydrogen  gas  (H  l). 
The  Hi  disk  is  approximately  1.6  x 105  light  years  across— 2 times  the  length  of  the  disk 
seen  by  the  eye.  The  galaxy  also  has  niauy  star  formation  regions  that  are  detected  by 
observing  the  ionised  hydrogen  (Hit)  gas.  Most  of  these  regions  reside  along  the  bar 
and  spiral  arms.  Both  H I and  H It  gases  tend  to  flow  circularly  within  the  galactic  disk 
although  large  non-circular  motions  are  conspicuous  near  the  major  structures  of  the 
galaxy.  Through  numerical  simulations,  it  was  found  that  the  bar  structure  must  be 
rotating  at  a fester  speed  than  the  spiral  arms  to  produce  models  that  reflect  the  actual 
galaxy.  This  very  rare  result  makes  NGC  3359  a very  interesting  galaxy  to  study. 


